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ABSTRACT 
Comprehensive wildlife conservation strategies must include consideration of the 
agricultural matrix and its integration into the greater landscape. Bats are postulated to 
provide critical pest suppression services, but the effects of agricultural intensification on 
insectivorous bats are not clear. Few studies have thoroughly investigated the ecosystem 
services provided by bats due, in part, to limited understanding of species-specific habitat 
use in agricultural landscapes, difficulties in prey identification, and the challenge of 
quantifying the impact of bats on pest populations and crops. My dissertation integrates 
these components to describe ecological relationships between the insects and bats 
associated with a pecan agroecosystem in central Texas. Specifically, I focus on the 
predator-prey relationship between bats and the pecan nut casebearer moth (PNC), a 
devastating pest of pecans. I begin with a literature review of the ecosystem services of 
insectivorous bats and the data necessary to thoroughly evaluate these services. I then 
assess the potential factors influencing species composition and spatio-temporal 
  viii 
distributions of bats within the pecan agroecosystem. My results demonstrate higher 
activity and diversity of bats within the pecan agroecosystem than in the surrounding 
landscape likely due to roosting opportunities, but species-specific and seasonal 
differences exist in the effects of management intensity. Next, I investigate direct 
interactions between bats and PNC by measuring prey consumption patterns.  I found 
that five species of bats prey upon PNC moths during all three critical population peaks 
prior to insecticide application, but there is variability in consumption among species. 
Finally, I assess indirect interactions between bats and pecans, by evaluating the effect of 
bat predation risk on pecan damage by PNC larvae. A negative relationship between 
foraging activity by bats and both PNC moths and PNC larval damage to pecans provides 
evidence that bat predation has quantitative downstream effects. My results highlight the 
conservation value of the agricultural matrix for bats and the complexities of accurately 
documenting ecosystem services provided by free-ranging mobile organisms. 
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INTRODUCTION 
 
Ecosystem services are the ecological processes that directly or indirectly support 
and/or enhance human wellbeing (Daily 1997). The Millenium Ecosystem Assessment 
(MA) (Millennium Ecosystem Assessment 2005) classified ecosystem services as 
provisioning services (e.g., food, water, fiber), regulatory services (e.g., flood mitigation, 
water purification), cultural services (e.g., recreation, aesthetic experiences), and 
supporting services (e.g., soil formation, nutrient cycling) required for provisioning of all 
other ecosystem services. According to the MA (2005), over 60% of ecosystem services 
globally are deteriorating or overused. Economic valuation of these services is conducted 
by measuring the human welfare gains or losses that result from changes in the 
provisioning of ecosystem services. Recognizing, valuing and incorporating ecosystem 
services into policies and conservation strategies are important steps toward recapturing 
many market externalities (e.g., Costanza et al. 1997). Relatively little is known about the 
extent to which the protection of ecosystem services will ultimately contribute to 
biodiversity conservation (Luck et al. 2009), but research in this area is rapidly increasing 
(Chan et al. 2006; Naidoo and Ricketts 2006). 
Several regulatory ecosystem services, including pollination, pest control and 
seed dispersal, are provided by mobile organisms that forage within and between habitats. 
Kremen et al. (2007) refer to these services as mobile agent-based ecosystem services 
(MABES) and encourage a larger, landscape-scale approach for their investigation and 
management due to the complex habitat requirements for these organisms. Bats (Order 
Chiroptera) are mobile, aerial organisms that contribute to suppression of herbivorous 
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arthropod pests, seed dispersal and pollination (e.g., Fleming and Valiente-Banuet 2002; 
Fujita and Tuttle 1991; Kalka et al. 2008); however, only recently have these ecosystem 
services begun to be comprehensively investigated. Although little is known about the 
ecosystem services of bats relative to entire ecosystems (e.g., wetlands or forests: Daily 
1997; Millennium Ecosystem Assessment 2005) or other mobile organisms (e.g., birds: 
Whelan et al. 2008, predatory arthropods: Bianchi et al. 2006, and insect pollinators: 
Klein et al. 2007), interest in this area is increasing rapidly (Boyles et al. 2011; Ghanem 
and Voigt 2012; Kunz et al. 2011). Information on the ecological and economic value of 
the ecosystem services provided by bats can be used to inform decisions regarding where 
and when to protect or restore bat populations and associated habitats, as well as to 
improve public perception of bats. Identification and measurement of the magnitude of 
these services can be an effective tool in influencing fiscal support, policy and private 
land management toward conservation of natural ecosystems. 
Of the ~ 900 insectivorous bat species, Brazilian free-tailed bats, Tadarida 
brasiliensis, provide one of the most impressive examples of continental scale natural 
pest-suppression in the world (Cleveland et al. 2006). Studies suggest that Brazilian free-
tailed bats opportunistically forage on the insect pests associated with agricultural fields 
(Des Marais et al. 1980; Lee and McCracken 2005; McCracken et al. 2008; McCracken 
et al. 2012; Mizutani et al. 1992; Whitaker et al. 1996). Furthermore, due to the 
migratory behavior of various major pest species (e.g., corn earworm and tobacco 
budworm moths) from Mexico to the central croplands of the U.S. (Raulston et al. 1990; 
Wolf et al. 1990), the benefits conferred to agriculture may extend to agricultural 
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landscapes well beyond the location of pest predation by bats. Three related studies 
estimated the economic value of the pest suppression service provided by Brazilian free-
tailed bats to cotton production in south-central Texas (Betke et al. 2008; Cleveland et al. 
2006; Federico et al. 2008). Cleveland et al. (2006), for example, estimated that the 
annual value of avoided damage to cotton and avoided pesticide use due to consumption 
of insect pests by bats was $741,000 (range: $121,000 – 1,725,000), which is 15% of the 
total crop value. The other two studies expand upon the Cleveland et al. (2006) model to 
modify the estimates using variations in ecological and agricultural parameters such as 
bat abundance (Betke et al. 2008), predator and prey life stages, and management 
regimes (Federico et al. 2008).  
Research on pest suppression services of other insectivorous bat species lags 
behind that of Brazilian free-tailed bats; however, several recent studies have provided 
compelling evidence that bats can limit insect populations in both agricultural and natural 
systems. Two studies in the neotropics show that bats have a measureable impact on 
arthropod populations but not on damage in a coffee agroecosystem (Williams-Guillen et 
al. 2008), and on both arthropods and damage in a lowland tropical forest (Kalka et al. 
2008). Bats were also recently credited with suppression of mosquito populations through 
predation (Reiskind and Wund 2009). While documentation of pest consumption by bats 
has been increasing (e.g., Clare et al. 2009; McCracken et al. 2012; Whitaker 1995; and 
see: Kunz et al. 2011), evidence of indirect impacts on crop damage is scarce.  
Assessment of the ecosystem services provided by insectivorous bats is incredibly 
complex due to the large spatial and temporal scales at which these services operate and 
  
4 
the multiple links present in the food web of a community of generalist predators and 
their prey. Ecosystem services result from complex interactions among many ecological 
and socioeconomic factors, such as species interactions, environmental change and 
service demand by beneficiaries (Luck et al. 2009). Several conceptual frameworks have 
been developed to guide the collection of ecological data for evaluating and managing 
ecosystem services provided by organisms in general (Kremen 2005; Luck et al. 2003; 
Luck et al. 2009), and by mobile organisms specifically (Kremen et al. 2007). Here I 
summarize the key points from these frameworks, which can be applied toward the 
investigation of the pest suppression service provided by bats (Figure I.1). Kremen et al. 
(2005) outlined the following research agenda: 1) identify the key ecosystem service 
providers (ESPs), which could be species or other taxonomic/functional entities, and 
characterize their functional relationships, 2) determine the aspects of community 
structure that influence function, 3) assess the key environmental factors that influence 
the provision of services, and 4) measure the spatio-temporal scale of the ESPs and 
services. Because community composition (e.g., biodiversity, species richness, relative 
species abundances, functional diversity) has been shown to influence ecosystem services 
(e.g., Balvanera et al. 2006; Hooper et al. 2005; Mace et al. 2012), a careful analysis of 
community structure, rather than one ESP in isolation, is fundamental. The importance of 
each ESP should be determined based upon its effectiveness at providing the service and 
its abundance in the ecosystem (Balvanera et al. 2005), both of which can be affected by 
changes in resources, the biological community or abiotic factors. Furthermore, because 
individual behavior, population biology, community dynamics, and the foraging and 
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dispersal movements of mobile organisms are often influenced by the spatial distribution 
of resources, conservation strategies geared toward enhancing services by mobile 
organisms (i.e. MABES) need to extend beyond the local scale where these services are 
delivered (Kremen et al. 2007). For a predator-prey system, Buckner (1966) argued that 
three basic measurements must be made to understand predation as a biological control 
factor: density of the prey, density of the predators, and the extent of destruction of prey 
by the predators. Equally fundamental, but much more complex, is the evaluation of a 
predator in relation to its local community. What is the predator’s capacity for 
consumption of prey? What are the effects of prey density or the presence of alternative 
prey on the predator’s density and/or rate of consumption? What defense mechanisms 
does the prey use against the predator? Studies of invertebrate and aquatic systems have 
begun to address some of these questions (reviewed in: (Miner et al. 2005; Preisser et al. 
2005), but studies of vertebrate predators lag far behind.  
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Figure I.1. Conceptual model (black text: developed by Luck et al. 2009) illustrating the 
complex interactions among the ecological and socioeconomic factors influencing 
ecosystem service provision, which provides the framework for the hypotheses tested in 
my dissertation to evaluate pest suppression services by bats (blue text). Bats are the 
service providers that depend on agroecosystems and the surrounding landscape as 
habitat (supporting systems), which can in turn be positively or negatively affected by 
management in the agricultural matrix (land-use change). Species interactions (e.g., 
competition, predation) among bats and insects directly affect the magnitude of the 
service being provided (pest consumption and crop damage suppression). 
 
Pecan Agroecosystem 
In my dissertation research, I begin to apply the conceptual frameworks described 
above (Figure I.1) to assess the pest suppression service provided by insectivorous bats in 
a pecan agroecosystem in central Texas, by investigating the community of, and 
interactions between, the bats and insects associated with this system. Pecan trees (Carya 
illinoinensis (Wang) K. Koch), which are native to the southern United States and 
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northeastern Mexico, naturally grow in mixed-species flood plain communities of the 
Mississippi River, rivers of central Texas and their many tributaries (Billings 1946; 
Manaster 1994; Sparks 2005). Improved variety pecan trees are cultivated across 14 U.S. 
states (Harris 2001), and are economically important both for local farmers and for 
international export (Hadjigeorgalis et al. 2005). The pecan nut casebearer moth (PNC) is 
the most devastating pest of pecan nuts (Aguirre and Corrales 1988; Ring and Harris 
1984), damaging up to 93% (Bilsing 1926) of the crop. Damage is controlled with 
chemical insecticides targeting the larval stage prior to nut entry (Harris 1983). Prior to 
my dissertation, anecdotal observations by organic pecan growers in Texas and Georgia 
(Kiser 2000) suggested that Brazilian free-tailed bats, T. brasiliensis, may reduce the 
need for pesticides through suppression of PNC and other nocturnal insect pest 
populations; however no research had investigated these claims. In turn, pecan 
agroecosystems, through their integration with riparian plant communities, may provide 
critical foraging and roosting habitat for T. brasiliensis and other insectivorous bats 
within a semi-arid, highly fragmented landscape. Consequently, pecan agroecosystems 
may provide a supporting service through habitat provision for insectivorous bats, while 
bats provide a regulatory service through pest suppression. However, differences in 
management intensity within the pecan agroecosystem may influence habitat selection by 
bats and degrade the services provided in these habitats. The empirical chapters of my 
dissertation address these questions by investigating: a) habitat use by bats within and 
surrounding pecan agroecosystems, b) consumption of PNC moths by bats, and c) effects 
of predation or predation risk on PNC moth activity and pecan nut damage by PNC 
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larvae. With my research, I am only able to scratch the surface of the predator-prey 
interactions present within pecan agroecosystems, highlighting the inherent complexities 
of assessing pest suppression services even within relatively simple agroecosystems. 
 
Chapter 1 – Ecosystem Services Provided by Insectivorous Bats 
While bats have long been postulated to play important roles in arthropod 
suppression, this ecosystem service has only recently begun to be thoroughly evaluated. 
In this chapter, I review the available literature on the ecological and economic impact of 
ecosystem services provided by insectivorous bats. I describe dietary preferences, 
foraging behaviors, and adaptations of insectivorous bats worldwide in the context of 
their respective ecosystem services. I then discuss the consequences of these ecological 
interactions on both natural and agricultural systems. Throughout this review I highlight 
the research necessary for evaluation of the ecosystem service in question. 
 
Chapter 2 – Habitat use, diversity and abundance of insectivorous bats in a pecan 
agroecosystem: Effects of management and prey availability 
The agricultural matrix, surrounding or integrated with fragmented natural 
habitat, is gaining traction as a key component in comprehensive, landscape-level 
conservation strategies for wildlife. The effects of agricultural intensification on 
insectivorous bats, postulated to provide critical pest suppression services, are not clear. 
In the threatened Edwards Plateau ecoregion of Texas, the pecan agroecosystem exists 
within semi-arid, heavily modified live oak savanna and mesquite-juniper woodlands. To 
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evaluate the relative conservation value of the pecan agroecosystem and effects of 
management on bat assemblages, I measured composition and activity patterns of bats 
and their insect prey within organically managed native pecan groves, conventional pecan 
orchards and mesquite-juniper woodlands. Specifically, I address the following 
hypotheses: 1) native pecan groves and conventional orchards have greater bat diversity 
and activity than in the surrounding semi-arid landscape consisting of mesquite-juniper 
woodlands, 2) bat diversity and activity is higher in less intensively managed organic, 
native pecan groves than in conventionally managed orchards, and 3) habitat selection is 
influenced by prey availability in each habitat type and bats show species-specific 
responses to different measures of prey availability. To my knowledge, this study is the 
first to document species composition of, and habitat use by, bats within pecan 
agroecosystems. 
 
Chapter 3 - Tracking consumption of the pecan nut casebearer moth, Acrobasis 
nuxvorella, (Lepidoptera: Pyralidae) by an assemblage of insectivorous bats using 
quantitative PCR (qPCR) 
The recognition of generalist predators as suppressors of herbivorous arthropods is 
increasing. While specialists are effective for biocontrol programs in monocultures, 
assemblages of native generalist predators are thought to drive pest suppression in native 
ecosystems and diverse agroecosystems due to complex food web interactions. The pecan 
agroecosystem and the pecan nut casebearer moth (PNC) comprise a tightly linked host-
parasite system native to the southern U.S. and Mexico. In this chapter, I use a 
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quantitative polymerase chain reaction (qPCR) fecal assay to track consumption of PNC 
moths by an assemblage of insectivorous bats in relation to seasonal PNC activity 
patterns. The molecular techniques used in this study allowed for detailed investigation 
into the bat-PNC moth dynamics within pecan agroecosystems, which would not have 
been possible using traditional methods of dietary analysis. 
 
Chapter 4 - Effects of insectivorous bats on pecan nut casebearer moths, Acrobasis 
nuxvorella (Lepidoptera: Pyralidae), and larval damage to pecan nuts 
While documentation of pest consumption by bats has been increasing, evidence 
of indirect effects on crop damage is scarce. Results from dietary analyses indicate that 
pecan nut casebearer (PNC) moths, devastating pests of pecans, comprise a portion of the 
diet of five species of bats present in the pecan agroecosystem (Chapter 3), suggesting a 
role by bats in PNC suppression. However, it is unknown if predation on PNC translates 
into quantifiable downstream effects. Furthermore, predation risk, due to the presence of 
echolocating bats, has been shown to alter reproductive activity of moths, and thus may 
contribute to suppression of PNC populations. In this study, I used the natural 
heterogeneity of bat activity within the pecan agroecosystem to evaluate the relationships 
between insectivorous bats, PNC moths, and PNC larval damage to pecan nuts. 
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CHAPTER 1 
ECOSYSTEM SERVICES PROVIDED BY INSECTIVOROUS BATS 
 
ABSTRACT 
Ecosystem services are the benefits obtained from the environment that increase 
human wellbeing.  Economic valuation is conducted by measuring the human welfare 
gains or losses that result from changes in the provision of ecosystem services. Bats have 
long been postulated to play important roles in arthropod suppression; however, only 
recently has this ecosystem service begun to be thoroughly evaluated. In this chapter, I 
review the available literature on the ecological and economic impact of ecosystem 
services provided by insectivorous bats. I describe dietary preferences, foraging 
behaviors, and adaptations of insectivorous bats worldwide in the context of their 
respective ecosystem services. I then discuss the consequences of these ecological 
interactions on both natural and agricultural systems. Throughout this review I highlight 
the research needed to evaluate the ecosystem service in question. Information on the 
ecological and economic value of ecosystem services provided by bats can be used to 
inform decisions regarding where and when to protect or restore bat populations and 
associated habitats, as well as to improve public perception of bats. 
 
The Role of Bats in Arthropod Suppression 
Among the estimated 1,250 extant bat species (Schipper et al. 2008), over two-
thirds are either obligate or facultative insectivores (see Table 1.1). They include species 
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that glean insects from vegetation and water in cluttered forests to those that feed in open 
space above forests, grasslands and agricultural landscapes (Figure 1.1). Although 
popular literature commonly recognizes bats for their voracious appetites for nocturnal 
and crepuscular insects (Constantine 1970), the degree to which they play a role in 
herbivorous arthropod suppression is not well documented. In this section I review the 
available literature on the predator-prey interactions between bats and arthropod pests – 
including the magnitude of arthropod consumption by bats, the responses of prey to 
threats of predation and the quantitative impacts of bats on arthropod populations – and 
discuss the various methods used to obtain these data. This type of information could 
ultimately be used to estimate the ecological and economic value of bats in both natural 
and agricultural systems, a topic that is discussed in detail in (Kunz et al. 2011) in the 
section on economic valuation of ecosystem services.   
 
Dietary Considerations: What’s on the Menu? 
Foraging Modes 
 Insectivorous bats use various methods for capturing and consuming insect prey 
(Table 1.1). Aerial hawking bats hunt prey on the fly, often scooping insects from the air 
with their wing or tail membrane and transferring them to their mouths (Griffin and 
Webster 1962; Jones and Rydell 2003; Kalko 1995). Gleaning bats, those that take prey 
from surfaces, generally forage in cluttered environments (e.g., dense foliage) where 
background echoes can mask echoes from insects (Jones and Rydell 2003; Neuweiler 
1989). Some gleaners are able to finely discriminate targets using low intensity, 
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broadband echolocation calls (Habersetzer and Vogler 1983; Schmidt 1988), whereas 
others passively listen for prey-generated sounds, or use vision and/or olfaction (Jones 
and Rydell 2003). Trawling bats glean insects off the surface of water using their long 
feet and/or tail membrane. Fly catching and perch hunting bats hang from perches and 
wait for aerial and ground dwelling prey, respectively. These foraging modes, however, 
are not mutually exclusive and it is often difficult to categorize a given species.  
 
General insect consumption 
Studies of dietary habits of insectivorous bats date back many years (e.g., 
Belwood and Fenton 1976; Black 1974; Coutts et al. 1973; Davis et al. 1962; Poulton 
1929; Ross 1961, 1967; Whitaker 1972), but few have assessed the potential impacts of 
prey consumption on human health or natural and agricultural systems. Although it is 
beyond the scope of this review, there has been considerable debate as to the degree of 
prey selection by bats (Barclay and Brigham 1994; Jones and Rydell 2003). While some 
studies have shown individuals to actively select among available prey (e.g., Anthony 
and Kunz 1977; Buchler 1976; Jones 1990; Siemers and Schnitzler 2000), others have 
concluded that insectivorous bats are generalist predators, feeding on a wide diversity of 
taxonomic groups and opportunistically consuming appropriately-sized prey according to 
its availability within a preferred habitat (Barclay and Brigham 1994; Belwood and 
Fenton 1976; Fenton and Morris 1976). Insectivorous bat activity and diversity are 
strongly correlated with arthropod abundance (Kalcounis-Rueppell et al. 2007; 
Wickramasinghe et al. 2004; Wickramasinghe et al. 2003), suggesting that bats seek out 
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areas of concentrated prey sources.  Although there is considerable variation in the 
relative proportions consumed by different species, most insectivorous bats eat large 
quantities of lepidopterans (moths), coleopterans (beetles), dipterans (flies), homopterans 
(cicadas, leaf hoppers) and hemipterans (true bugs) (Black 1974; Kunz 1974; Kunz et al. 
1995; Kurta and Whitaker Jr 1998; Lee and McCracken 2002; Leelapaibul et al. 2005; 
Ross 1961). Some species also eat unusual prey items such as scorpions and spiders 
(Holderied et al. 2010). Prey size can vary from as small as one mm (midges and 
mosquitoes) to as large as 50 mm long (beetles and large moths) depending on the 
species of bat (Anthony and Kunz 1977; Kunz 1974; Kurta and Whitaker Jr 1998; Lee 
and McCracken 2005; Reiskind and Wund 2009; Swift et al. 1985; Vaughan 1977). Bats 
often forage throughout the night, returning to their roosts to nurse young and to rest 
during periods of low insect activity (Anthony et al. 1981; Kunz 1973; Kunz 1974).  
The magnitude of arthropod consumption by a bat varies considerably by species, 
season and reproductive cycle. On average, insectivorous bats maintained in captivity 
have been estimated to consume up to 25% of their body mass in insects each night 
(Myotis lucifugus and Eptesicus fuscus (Coutts et al. 1973); M. lucifugus and M. 
thysanodes (O'Farrell et al. 1971); Lasiurus cinereus (Brisbin 1966); Lasionycteris 
noctivagans (Neuhauser and Brisbin 1969)). Under natural conditions, these estimates 
increase, most likely due to higher energy demands. Using field metabolic rates based on 
turnover of doubly labeled water, Kurta et al. (1989) estimated that at the peak night of 
lactation a 7.9 g little brown bat (M. lucifugus) needs to consume 9.9 g of insects (over 
100% of its body mass) to account for the marked increase in energy expenditures due to 
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this costly stage of the reproductive cycle (Kunz and Stern 1995). At peak lactation, a 
female Brazilian free-tailed bat (Tadarida brasiliensis) can consume up to 70% of her 
body mass in insects each night; furthermore, she frequently culls her prey, consuming 
only the nutrient-rich abdomen of moths while discarding the wings, head and 
appendages, which greatly increases feeding efficiency and hence the quantity of insects 
consumed (Kunz et al. 1995). To put this in perspective, an average maternity colony of 
one million Brazilian free-tailed bats weighing 12 g each could consume up to 8.4 metric 
tons of insects in a single night. These studies hint at the immense capability of nightly 
insect consumption and at the potential role of bats in top-down suppression of arthropod 
populations.  
 
Agricultural pests and pesticide use 
Herbivorous arthropods destroy approximately 25-50% of crops worldwide 
(Pimentel et al. 1978; Pimentel et al. 1991). The response to these threats by modern 
agriculture has been predominantly through the application of synthetic pesticides, a 
practice that has led to many unintended consequences including: human health risks, 
degradation of ecosystem function, evolved toxicity resistance by pests, and severe 
alterations of the dynamics of agribusiness (Benbrook 1996; Naylor and Ehrlich 1997; 
Pimentel 1997; Pimentel et al. 1978). The World Resources Institute (2009) estimates 
that over 400 pest species have evolved resistance to one or more pesticides, and that 
despite an increase in pesticide use, the proportion of crops destroyed by insect pests in 
the U.S. has doubled (to 13%) since the 1940s (World Resources Institute 2009). By 
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eliminating beneficial invertebrate and vertebrate predators through indiscriminate use of 
broad-spectrum insecticides, insect species that are not normally considered pests are 
often elevated to pest status (National Research Council 1989; Naylor and Ehrlich 1997). 
Efforts to curb the widespread and indiscriminate use of chemical pesticides include the 
promotion of biological controls (United States Environmental Protection Agency 2009). 
An estimated 99 percent of potential crop pests are limited by natural ecosystems 
(Debach and Rosen 1974; Naylor and Ehrlich 1997), of which some fraction can be 
attributed to predation by bats. Naylor and Ehrlich (1997) estimated the value of the 
global pest control ecosystem service to range between $54 billion and $1 trillion, an 
estimate which includes reductions in both crop losses due to pests and direct/indirect 
costs of pesticide use. Pimentel et al. (1991) concluded that a 50% reduction in pesticide 
use could be achieved with only a 0.6% increase in the cost of purchased food, provided 
that biological, cultural, and environmental pest-control technologies are used.    
 
Consumption of specific agricultural pests by bats 
Various species of prominent agricultural insect pests have been found in the diets 
of bats based on identification of insect fragments in fecal samples and stomach contents.  
These insects include, but are not limited to: June beetles (Scarabidae), click beetles 
(Elateridae), leafhoppers (Cicadelidae), planthoppers (Delphacidae), the spotted 
cucumber beetle, (Diabrotica undecimpunctata, Chrysomelidae), the Asiatic oak weevil 
(Cyrtepistomus castaneus, Curculionidae) and the green stinkbug (Acrosternum hilare, 
Pentatomidae) (Table 1.2 and Appendix A.1).  
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Based on the dietary composition, minimum number of total insects per guano 
pellet, number of specific agricultural pest species in each pellet, and the number of 
active foraging days per year, Whitaker (1995) calculated that a colony of 150 big brown 
bats (Eptesicus fuscus) in the Midwestern United States annually consumes 
approximately 600,000 cucumber beetles, 194,000 June beetles, 158,000 leafhoppers, and 
335,000 stinkbugs.  Subsequently, assuming that each female cucumber beetle lays 110 
eggs (Krysan 1986), this average-sized bat colony could prevent the production of 
33,000,000 cucumber beetle larvae (corn rootworms), which are severe crop pests 
(Appendix A.1). While these calculations include a large number of assumptions and 
ignore various sources of natural variation, this study took the extra step of translating 
ecological data into a form more readily appreciated by the public. With the addition of 
data on corn rootworm damage to crops in the study area, an economic value for this 
colony could be estimated.  
A common challenge in these investigations is the overwhelming lack of basic 
ecological information regarding foraging behavior and diet for many species of bats. For 
example, traditional dietary analyses through fecal or stomach contents have historically 
only identified arthropod fragments to the ordinal or familial level, rather than to species 
(Coutts et al. 1973; Kunz 1973; Kurta and Whitaker Jr 1998; Whitaker 1988), and in 
cases where species identification is possible, it has typically been restricted to hard-
bodied insects, such as beetles, that remain partially undigested. Recently, novel 
molecular techniques have allowed detection and species identification of both hard and 
soft-bodied insects, such as lepidopterans, within guano collected from bats (Brown 
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2010; Clare et al. 2009; McCracken et al. 2012; Whitaker et al. 2009). Whitaker et al. 
(2009) described the development of quantitative polymerase chain reaction (qPCR), 
coupled with controlled feedings of known insects to captive bats, as an approach to 
estimate the number or percent volume of specific insects consumed by wild bats. qPCR 
has been used to document consumption of the corn earworm moth (Helicoverpa zea) 
and the beet armyworm (Spodoptera exigua), both major pests of corn, cotton and other 
crops throughout the U.S., by Brazilian free-tailed bats, Tadarida brasiliensis, in south-
central Texas (McCracken et al. 2012; Whitaker et al. 2009). Brown et al. (2010) used 
qPCR to identify the pecan nut casebearer moth (Acrobasis nuxvorella), the hickory 
shuckworm moth (Cydia caryana) and H. zea moths in the diet of Brazilian free-tailed 
bats from guano collected beneath bat houses located in organic pecan orchards. The 
authors also identified the southern green stink bug (Nezara viridula) by sequencing 
insect fragments found in the guano (see Appendix A.1 for pest status).   
Clare et al. (2009) conducted a comprehensive dietary analysis of the eastern red 
bat, Lasiurus borealis, in Canada. The authors extracted DNA from insect fragments 
found in fecal samples and used a polymerase chain reaction (PCR) coupled with a 
sequence based technique. Through comparison of fecal DNA sequences to a reference 
database, they were able to identify 127 prey species, (5 orders, 16 families of 
lepidopterans), some of which were notable agricultural, forest and orchard/garden pests 
including: gypsy moths (Lymantria dispar), tent caterpillars (Malacosoma sp.), 
coneworms (Dioryctria sp.), cutworms (Noctua pronuba), snout moths (Acrobasis sp.) 
and tortrix moths (Cydia sp.) (see Table 1.2 and Appendix A.1). All bats were captured in 
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a provincial park that was adjacent to agricultural land. Although this study provides 
unprecedented detail regarding the diversity of insects consumed by the eastern red bat, 
the techniques used did not allow quantification of pest consumption and the authors did 
not have sufficient data to estimate the ecological or economic value of these bats to any 
particular ecosystem.  
 
Direct and indirect impacts of insectivorous bats  
Understanding complexities of predator-prey interactions 
The studies reviewed in the previous sections document the consumption of 
herbivorous arthropods by bats; however, few studies have measured their actual impacts 
on natural or agroecosystems. Top and mid-level predators can have direct effects on 
herbivore communities and indirect effects on plant communities through both density 
mediated (consumption) and trait mediated (behavioral) interactions (Schmitz and Suttle 
2001). The following sections address the research that has begun to document these 
interactions between insectivorous bats and their prey.  
A pioneering study by Buchner dating back to the 1960s, which examines the role 
of vertebrate predators in the biological control of forest insects (Buckner 1966), 
illustrates the complexities involved with assigning a value to natural predators and may 
serve as a template for the assessment of the ecosystem services provided by bats. 
Buckner asserted that three basic measurements must be made to understand a predator-
prey system: density of the prey, density of the predators, and the extent of destruction of 
prey by the predators. Few studies have thoroughly evaluated these seemingly simple 
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questions. Equally fundamental, but perhaps more ecologically complex, is the evaluation 
of an individual predator species in relation to its local ecological community. What is 
the predator’s capacity for consumption of the prey? What are the effects of the density 
of prey or the presence of alternative prey on the predator’s density and/or rate of 
consumption? What defense mechanism does the prey have and use against the predator?  
Buckner argues that until these aspects are studied thoroughly, the understanding of 
predation as a biological control factor will be incomplete. Researchers investigating 
invertebrate and aquatic systems have begun to do this (reviewed in: (Miner et al. 2005; 
Preisser et al. 2005), but few, if any, studies of vertebrate predators have fully addressed 
these important questions. 
 
Ecosystem services of the Brazilian free-tailed bat: a case study 
Of the approximately 900 insectivorous bat species, Brazilian free-tailed bats, 
Tadarida brasiliensis, provide one of the most impressive examples of continental scale 
natural pest- suppression in the world (Cleveland et al. 2006). Several studies have 
attempted to document the nightly foraging behavior and prey consumption patterns in 
this species to better understand its ecosystem service (Horn and Kunz 2008; Lee and 
McCracken 2002, 2005; McCracken et al. 2008). Millions of Brazilian free-tailed bats 
migrate northward each year in the spring from Mexico to form enormous maternity 
colonies in limestone caves and bridges throughout the southwestern U.S. (Cockrum 
1969; Davis et al. 1962). Each evening, large numbers of bats emerge from these roosts 
(Figure 1.2) and disperse across natural and agricultural landscapes in high enough 
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densities to be detected by NEXRAD WSR-88D Doppler weather radars (Horn and Kunz 
2008). As recently as the 1950’s and early 1960’s, mid-summer colonies of Brazilian 
free-tailed bats in 17 caves in the southwestern U.S. were estimated to total about 150 
million individuals (McCracken 2003). However, recent estimates, based on improved 
census methods using thermal infrared imaging and computer detection and tracking 
algorithms, conclude that these same caves now house closer to 9 million bats, indicating 
either a marked population decline or an overestimation in past observations (Betke et al. 
2008). The likelihood of historic overestimates is supported by further quantitative 
assessments of colony dynamics and emergence behavior of Brazilian free-tailed bats that 
roost in Carlsbad Caverns, New Mexico (Hristov et al. 2010). 
Although Brazilian free-tails are known to consume a wide variety of prey items 
(12 orders, 35 families), numerous studies indicate that moths (Lepidoptera) are their 
primary food source (Kunz et al. 1995; Lee and McCracken 2002, 2005; Whitaker et al. 
1996), including devastating agricultural pests such as the corn earworm or cotton 
bollworm moth (Helicoverpa zea), and the tobacco budworm moth (Heliothis virescens) 
(Cleveland et al. 2006; McCracken et al. 2005). Studies have found that the proportion of 
moths consumed by Brazilian free-tailed bats increases markedly during their early 
morning foraging bouts in comparison to evening foraging bouts from May to the end of 
June (Lee and McCracken 2005; Whitaker et al. 1996), a time period that coincides with 
the immigration of swarms of corn earworm moths and fall armyworms, Spodoptera 
exigua, into Texas from northern Mexico on prevailing winds (Raulston et al. 1990; Wolf 
et al. 1990). In a study on the foraging activity of these bats at high altitudes, McCracken 
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et al. (2008) documented that echolocation search calls and feeding buzzes were most 
abundant at ground level and at 400-500 m above ground level, the latter of which 
corresponds with the low-elevation southerly wind jet, a major aeroecological corridor 
for the nocturnal dispersal of corn earworm moths, fall armyworms and other insects 
(McCracken et al. 2008). Des Marais et al. (1980) used stable isotope ratios of carbon 
from bat guano to estimate that more than one-half of all insects eaten by Brazilian free-
tailed bats that roost in Carlsbad Caverns fed on crops, based on landscape data showing 
that 90% of the crops surrounding the cave were C3 plants while the majority of the 
native plants were C4 (Des Marais et al. 1980). Similarly Mizutani et al. (1992) estimated 
that two-thirds of the guano sampled from a cave housing several million Brazilian free-
tailed bats in Arizona included insects or other arthropods that fed on C3 crops (cotton 
and alfalfa) in an area dominated by native C4 vegetation (Mizutani et al. 1992).   
These studies strongly suggest that Brazilian free-tailed bats opportunistically 
forage over agricultural fields that both produce and attract large insect populations. 
Research suggests that after initial arrival into Texas from northern Mexico, corn 
earworm and tobacco budworm moths and their progeny undergo an annual migration 
northward through the southern and central croplands of the U.S. (Raulston et al. 1990; 
Wolf et al. 1990). Thus, the benefits conferred to agriculture by consumption of these 
moths by bats may not be limited to their local foraging areas (for example in Texas and 
New Mexico), but may extend to agricultural landscapes hundreds of kilometers away. 
Several recent studies have estimated the economic value of the pest suppression service 
provided by Brazilian free-tailed bats (Betke et al. 2008; Cleveland et al. 2006; Federico 
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et al. 2008; Gándara Fierro et al. 2006), and are further discussed in (Kunz et al. 2011) in 
the section on valuation of ecosystem services.  
 
Density mediated direct and indirect effects: consumption  
Research evaluating ecosystem services of other insectivorous bat species fall far 
behind that of the Brazilian free-tailed bat; however, several recent studies have provided 
compelling evidence that bats can limit insect populations in both agricultural and natural 
systems. 
For example, Williams-Guillén et al. (2008) and Kalka et al. (2008) separated the 
effects of insectivorous birds and bats on pest suppression by conducting predator 
exclosure experiments in a coffee plantation in Mexico and a lowland tropical forest in 
Panama, respectively. Both studies placed agricultural netting around individual plants to 
exclude bats at night and birds during the day. Previous studies using predator exclosures 
attributed any results of arthropod suppression to bird predation (e.g., Greenberg et al. 
2000; Johnson et al. 2010), ignoring bats as potential contributors.  Williams-Guillén et 
al. (2008) found that, by excluding bats, total arthropod densities increased by 84% per 
coffee plant in the wet season but were not affected in the dry season. They attributed the 
seasonal difference to the increased abundance, reproductive activity, and hence energy 
demands, of bats during the wet season. In both seasons, bats and birds together had the 
highest impact on arthropod densities, suggesting an additive effect. Although there was a 
clear direct effect of bats and birds on herbivorous arthropods, the authors did not find a 
significant indirect effect on leaf damage for any of the treatments (Williams-Guillen et 
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al. 2008). By contrast, Kalka et al. (2008) demonstrated that the exclusion of bats from 
five common tropical understory plants significantly increased both arthropod densities 
(by 65%) and leaf damage (by 68%) relative to control treatments. They also found that 
bats consistently had a higher impact on insect populations than birds (Kalka et al. 2008). 
These authors emphasize that their estimates of direct and indirect impacts of both groups 
are likely conservative due to: (i) predation by aerial insectivores outside of the 
exclosures, (ii) the exclusion of large arthropods along with bats and birds, (iii) the 
presence of predatory arthropods in the exclosures, and (iv) their focus on understory 
plants rather than the more-productive forest canopy. For both of these studies, a list of 
insect orders that were suppressed is available in their supporting online material; 
however, neither study identified pests to the species level, nor did they attempt to 
estimate the economic value of bats in these systems. 
  Reiskind and Wund (2009) provided compelling evidence that northern long-
eared bats (Myotis septentrionalis) suppress mosquito (Culex spp.) populations through 
direct predation. Although bats are commonly credited for their role in mosquito control, 
this is the first study documenting a quantitative impact on mosquito populations. 
Predator enclosures were erected in the field that contained artificial oviposition sites and 
allowed passage of naturally occurring mosquitoes. These researchers released wild-
captured northern long-eared bats (M. septentrionalis) into the enclosures to forage for a 
total of nine nights. They found that nightly oviposition by mosquitoes was reduced by 
32% in enclosures that contained bats when compared to control enclosures with no bats. 
Based on their finding of no difference between control enclosures and unenclosed 
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artificial oviposition sites adjacent to bat enclosures, they concluded that these effects 
were due to predation rather than the alteration of mosquito behavior (Reiskind and 
Wund 2009).  
  Exclosure and enclosure studies, such as those described above, have the potential to 
provide valuable information on the direct and indirect effects of bats as arthropod 
predators; however, results should be interpreted with caution. Exclosures effectively 
exclude bats that glean insects directly from vegetation, but most likely have a limited 
effect on aerial insectivores that capture insects on the fly often far from the plant of 
interest. Enclosures, on the other hand, may inflate estimates of prey suppression due to 
unnatural conditions such as an elevated density of bats or limited availability of other 
suitable prey items within the enclosures. 
 
Trait mediated indirect interactions: Ecology of fear 
Predator-prey interactions are central features in all ecological communities, yet 
traditional models of predator-prey dynamics treat individuals as unresponsive units and 
do not consider the prey’s physical or behavioral response to the presence of a predator 
(Brown and Gurung 1999). In a fear driven system, prey enact an inducible defense in 
response to the presence or threat of a predator in order to reduce the risk of consumption 
by altering such behaviors as predator vigilance, foraging decisions and mate attraction 
(Brown and Gurung 1999; Miner et al. 2005). This behavioral plasticity may have 
significant impacts on species interactions, community structure and ecosystem function 
(Agrawal 2001; Miner et al. 2005). 
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The threat of predation by bats has led to the evolution of both physical and 
behavioral defense mechanisms in many species of moths, including aposematic 
signaling (Hristov and Conner 2005; Weller and Jacobson 1999), the production of 
ultrasonic jamming clicks (Corcoran et al. 2009), and evasive flight maneuvers (Roeder 
1962) to avoid consumption. In an agricultural setting, the presence of bats may alter the 
behavior and/or population dynamics of moth pests within that system. Infestation rate of 
sweet corn (maize) by the European corn borer, Ostrinia nubilalis (Lepidoptera: 
Pyralidae), was reduced by over 50% in test plots that were exposed to ultrasound 
broadcasted at frequencies, amplitudes and pulse rates characteristic of bat calls (Belton 
and Kempster 1962). This result provides an excellent example of the ecology of fear; 
however, the sample size of the study was very small (only two replicates over one 
season), the broadcasts may not have represented natural levels of bat activity, and 
possible changes in predation due to bat responses to the broadcast were not accounted 
for. In a laboratory study, the true armyworm, Pseudaletia umpuncta (Lepidoptera: 
Noctuidae), and the European corn borer, altered their mating behavior in response to 
high levels of simulated predation risk (ultrasonic bat calls) by reducing their mate 
seeking behavior, pheromone production and mating calls (Acharya and McNeil 1998). 
Huang et al. (2003, 2004) documented that when exposed to ultrasound in the laboratory, 
female Indian meal moths, Plodia interpunctella (Hübner) (Lepidoptera: Pyralidae) 
received fewer spermatophores from males, produced fewer and smaller larvae, reduced 
mate calling and reduced the length of mating time when compared to female moths not 
exposed to ultrasound (Huang and Subramanyam 2004; Huang et al. 2003). These studies 
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indicate that the mere presence of bats, whether foraging due to high prey availability or 
being attracted to roosting opportunities, may aid in reducing damaging activities or 
disrupting population dynamics of insect pests in a given agricultural landscape.   
 
Future Directions and Management of Arthropod Suppression Services 
The studies reviewed in this section hint at the immense potential for bats to 
provide pest suppression services in both natural and agroecosystems; however, more 
research is needed to adequately document the extent to which bats interact with and limit 
insect pest populations across the geographical landscape and over time. Some of the 
authors have attempted to address one or all of the three basic measurements outlined in 
Buckner (1966): density of predator, density of prey and capacity of destruction of prey; 
however, uncertainties lie in all of these parameters. Determining the degree of spatial 
and temporal overlap between predator and prey, how the densities of the predator and 
prey are affected by third party effects, such as alternative prey sources or competition, 
and how crop production affects these relationships are all examples of sources of 
variation and uncertainty. This information is essential in models predicting the 
ecological and economic value of a predator.  
Unfortunately, small-scale temporal and spatial variation in the diet is often 
difficult to detect through traditional methods and requires extensive fieldwork. The 
findings by Whitaker et al. (1996) and Lee and McCracken (2005) that dietary 
composition is markedly different between the evening and morning foraging bouts of 
female Brazilian free-tailed bats living in caves near major agricultural regions, illustrates 
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the importance of taking into consideration temporal variation when characterizing the 
diet of a species as well as assessing any potential ecosystem service. Other studies have 
shown temporal variation in the diet of bats by season (Brack and LaVal 1985; Whitaker 
and Clem 1992), year (Adams 1997; Kurta and Whitaker Jr 1998), and age class (Adams 
1996; Hamilton and Barclay 1998). Dietary variation also exists between co-occurring 
species and geographically within a given species (Belwood and Fenton 1976; Kurta and 
Whitaker Jr 1998; Murray and Kurta 2002; Saunders and Barclay 1992; Vaughan 1997). 
Additionally, many frugivorous and nectarivorous bat species (e.g., Glossophaga 
soricina (Alvarez et al. 1991; Gardner 1977); Phyllostomus discolor and Phylloderma 
stenops (Bonaccorso 1979)) include insects in their diets as a supplement to their 
dominant food sources. For example, among the 39 species of bats captured in an 
agricultural mosaic in Mexico, 22 were classified as omnivorous (i.e. consuming insects 
in addition to fruit, nectar or meat) (Estrada and Coates-Estrada 2002). These species are 
not typically considered when evaluating potential pest suppression, yet undoubtedly 
contribute to the overall service. Findings from these studies highlight the importance of 
encouraging high bat diversity (not only species richness, but also reproductive class and 
functional diversity) in a given area to maintain ecosystem function.  
A detailed resolution of dietary composition across bat species, in which 
identification of prey items is to species rather than only to the familial or ordinal level, is 
needed to track patterns of consumption of agricultural pests spatially, seasonally and 
relative to other benign insects. Molecular techniques used by McCracken et al. (2012) 
and Clare et al. (2009) have the potential to yield this scale of resolution and offer 
  
29 
exciting new avenues for research in mapping food webs and trophic cascades; however, 
studies on quantifiable effects of bats on crop yields and damage should be coupled with 
these dietary analyses to avoid making assumptions of impact based purely on evidence 
of consumption. Similarly, studies investigating the biology of bat populations within 
specific agroecosystems – roosting dynamics, habitat selection and estimates of density – 
are critical for a complete evaluation of the role of bats in pest suppression, leading 
ultimately to an estimate of the economic value of this service. 
Beyond the studies reviewed here, there have been many other studies 
investigating habitat use by insectivorous bats in agricultural systems that have not 
specifically addressed the effects of bats on pest suppression (e.g., organic farms in the 
U.K. (Wickramasinghe et al. 2004; Wickramasinghe et al. 2003); shade cacao plantations 
in Brazil (Faria et al. 2006); olive orchards in Greece (Davy et al. 2007); Midwestern 
agricultural land (Duchamp et al. 2004); cereal crops in England (Fuller et al. 2005); 
arboreal crops in Mexico (Estrada and Coates-Estrada 2002); agricultural riparian areas 
(Lundy and Montgomery 2010)). These, and other agroecosystems where high bat 
activity has been documented, are ideal candidates for further research investigating the 
potential ecosystem service provided by insectivorous bats.   
Incorporating the results of ecosystem service studies into Integrated Pest 
Management (IPM) programs designed to restore the natural predator-pest balance 
(United States Environmental Protection Agency 2009), has the potential to lead to 
beneficial results for both farmers and bats. Natural predators may not control 100% of 
forest and agricultural pests, but a combination of factors can keep populations, and 
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therefore crop losses, in check. With white-nose syndrome causing massive declines of 
up to 90% and expected regional extinctions of insectivorous bat populations in the 
eastern and Midwestern U.S. (Frick et al. 2010), the loss of this important regulating 
service may severely impact agricultural production in affected areas (Boyles et al. 
2011). Identification and measurement of the magnitude and value of this natural pest 
control service can be an effective tool in influencing public support, policy and private 
land management toward conservation of natural ecosystems; however, due to the 
complexities and large scale at which natural pest control acts, cross-disciplinary 
approaches, collaboration and creativity is essential. 
 
Provisioning and Cultural Services  
Bats provide additional provisioning and cultural ecosystem services beyond the 
regulatory service (arthropod suppression) that I have emphasized throughout this 
chapter. In this section, I briefly discuss these underappreciated benefits to humans 
provided by bats. The economic impacts are further discussed in (Kunz et al. 2011) in the 
section on valuation of ecosystem services.  
 
Redistribution of Nutrients from Guano 
Guano from bats has long been mined from caves for use as fertilizer on 
agricultural crops due to the high concentrations of nitrogen and phosphorous, the 
primary limiting nutrients of most plant life (Hutchinson 1950; Pierson 1998). Although 
the benefits of nitrogen to plants are well known, most of the evidence supporting bat 
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guano as fertilizer is anecdotal and few studies have explicitly measured its effects on 
plant growth parameters (Reichard 2010). Because bats regularly or occasionally roost in 
caves, they are thought to provide the primary organic input to cave ecosystems, which 
are inherently devoid of primary productivity (Culver and Pipan 2009; Gnaspini and 
Trajano 2000; Howarth 1983; Polis et al. 1997). Cave-dwelling salamander and fish 
populations and invertebrate communities, for example, are highly dependent upon the 
nutrients from bat guano (Fenolio et al. 2006; Poulson and Lavoie 2000).  
Several researchers have begun to investigate the potential ecological role of 
guano in nutrient redistribution over the landscape via the “pepper-shaker effect” (Bazley 
and Jeffries 1985; Pierson 1998; Rainey et al. 1992; Reichard 2010). Because 
insectivorous bats consume energy rich prey, experience rapid digestion during flight and 
forage significant distances over varying habitat types, it is expected that guano is 
sprinkled over the landscape throughout the night (Buchler 1975). Thus, bats contribute 
to nutrient redistribution from nutrient rich sources (e.g., lakes and rivers) to nutrient poor 
regions (e.g., arid or upland landscapes). However, to our knowledge no studies have 
explicitly tested this prediction. Reichard et al. (2010) estimated that a colony of one 
million Brazilian free-tailed bats, Tadarida brasiliensis, in Texas could contribute 
3,600,000 kJ/day of energy and 22,000 g of nitrogen in the form of guano. They also 
demonstrated that moderate applications of guano in a controlled greenhouse experiment 
promoted growth in a grass species native to Texas (Indian grass, Sorghastrum nutans), 
but reduced root/stem ratio and had a neutral effect on two other native species: little 
bluestem, Schizachyrium scoparium, and prairie coneflowers, Ratibida columnifera, 
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respectively. These researchers speculated that guano deposition may have species-
specific effects on plant communities and thus emphasize the need for more in depth 
experimental and field studies. Other trophic ensembles (e.g., nectarivorous, frugivorous, 
carnivorous bats) may similarly contribute to nutrient cycling through guano 
redistribution and are worth exploring. 
 
Bats in Medicine and Culture 
 Bats have long been feared in a diversity of human cultures.  Although it is 
beyond the scope of this chapter to provide a full treatment of this topic, it is important to 
also note the value of bats to ancient and contemporary religions and cultures worldwide. 
Bat symbols appear in priceless artifacts such as wall paintings in Egyptian tombs from 
2000 B.C., Chinese bowls carved of white jade, Japanese prints and ancient temple 
paintings of the Mayan Bat God (Allen 1962). In fact, the Mayan “Zotzil”, the Bat 
People, continue to live in southern Mexico and Guatemala in cities with the same name: 
“Tzinacantlan”, or the Bat City. These and other cultural heirlooms are not only 
symbolically cherished for their historical significance, but also generate direct revenue 
for the countries and museums that display them to curious tourists.  
Bats have also long been used for food and medicine (Allen 1962; Mickleburgh et 
al. 2009). Witches and sorcerers used bats in ancient magic to induce desire and drive 
away sleep. Shamans and physicians used bats to treat ailments of patients ranging from 
baldness to paralysis (Allen 1962; Dawson 1925). Some of these traditions continue 
today, though bats are now consumed primarily as meat (Mickleburgh et al. 2009). One 
  
33 
exception is the anticoagulant compound that is found in the saliva of the common 
vampire bat, Desmodus rotundus. This compound, Desmodus rotundus salivary 
plasminogen activator (DSPA), has drawn considerable attention from the medical 
community as a potential treatment for strokes because, unlike the alternatives, it can be 
administered much later after a stroke has occurred and still be effective (Schleuning 
2000). 
Today, bats provide aesthetic value through cave visits, nocturnal tours in national 
parks and educational nature programs. These activities provide adventure and life 
memories for the public and revenue for the communities and companies involved 
(Norberg 1999). Bats also commonly appear as symbols or logos in popular movies (e.g., 
Batman), products (e.g., Bacardi rum) and holidays (e.g., Halloween), all major revenue-
generating endeavors (Brown 1994). Finally, the study of bat echolocation and 
locomotion has provided inspiration for novel technological advances in such fields as 
sonar systems, biomedical ultrasound, sensors for autonomous systems, wireless 
communication and BATMAVs (bat-like motorized aerial vehicles) (Bunget and 
Seelecke 2010; Müller and Kuc 2007). Although extremely difficult to quantify, it is 
important to recognize the extraordinary value of bats to ancient and contemporary 
traditions and science. 
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Summary and Conservation Implications 
 
Ecosystem services are the benefits that humans obtain from ecosystems that enhance 
their well-being. As reviewed here, bats provide many ecosystem services. Humans 
derive direct benefits from bats as food, guano for fertilizer, and through contributions to 
medicine and culture. Perhaps more significantly, yet much more difficult to quantify, 
humans derive indirect benefits from bats through suppression of arthropods that prey on 
a wide variety of ecologically and economically important plants. In turn, the 
contribution of these services by bats to healthy, functioning ecosystems provides 
additional benefits to humans by supporting vital regulatory processes such as climate 
regulation, nutrient cycling, water filtration, and erosion control. Unfortunately, many 
misconceptions about bats persist, especially in the neotropics, where humans regularly 
have negative interactions with vampire bats (Brown 1994); thus, conservation efforts 
often fall short. Assigning values to the different ecosystem services provided by bats is 
one way of positively influencing the public’s perception of these beneficial mammals; 
however, economic valuation of these services remains in its nascency. Here, I have 
reviewed the existing literature on the ecosystem services provided by insectivorous bats 
and highlighted areas of research that deserve further attention. Both market and 
nonmarket valuation methods exist that either have been or could be used to estimate the 
economic value of these ecosystem services (Kunz et al. 2011). As was noted by the few 
published studies, these values can be quite substantial. However, a distinct challenge 
exists in that most of these efforts require detailed descriptions of ecological production 
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functions (e.g., Klein et al. 2007) or consumer surveys of households in developing 
countries that require substantial time and monetary investments. Nevertheless, at a time 
when critical threats face bat populations (e.g., white-nose syndrome) and biodiversity as 
a whole is rapidly declining worldwide, the development of alternative conservation 
strategies—such as the valuation of ecosystem services—should become a priority. 
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Table 1.1. An ecological classification of bats, Order Chiroptera. Taxonomy follows 
(Wilson and Reeder 2005) 
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Table 1.An ecological classification of bats, Order Chiroptera. Taxonomy follows Wilson and Reeder.241
Number
of genera,
Family (common name) species Distribution Diet and foraging modes
Pteropodidae (Old World
fruit bats)
42, 186 Old World tropics
and subtropics
Plant visitors that feed nearly
exclusively on nectar and fruit;
most species feed in forest
canopies, but a few feed in forest
understories
Rhinolophidae (horseshoe
bats)
1, 77 Old World tropics
and subtropics
Insectivorous: use aerial hawking,
gleaning, fly catching, perch
hunting; many forage very close
to the ground, hover in place, and
pluck prey from spider webs
Hipposideridae (Old World
leaf-nosed bats)
9, 81 Old World tropics
and subtropics
Insectivorous: use aerial hawking,
gleaning, fly catching, perch
hunting; fly close to the ground
Megadermatidae (false
vampire and
yellow-winged bats)
4, 5 Old World tropics Both insectivorous and carnivorous:
primarily use perch hunting;
consume arthropods and small
vertebrates (e.g., fish, frogs,
lizards, birds, mice, or other bats)
Rhinopomatidae
(mouse-tailed or
long-tailed bats)
1, 4 Old World tropics Insectivorous: little information on
foraging behavior; fly at least
6–9 m above ground; slit-like
nostrils that can exclude sand and
dust
Craseonycteridae (Kitti’s
hog-nosed bat)
1, 1 Thailand Insectivorous: use aerial hawking,
gleaning; glean insects and spiders
from tree-top foliage and can
hover
Emballonuridae (sac-winged,
sheath-tailed, and ghost
bats)
13, 51 Pantropical Insectivorous: use primarily aerial
hawking; have long narrow wings
for swift flight; occasionally eat
fruit
Nycteridae (slit-faced or
hollow-faced bats)
1, 16 Old World tropics Primarily insectivorous: consume
insects, spiders, small scorpions;
one species specializes on
vertebrates (e.g., frogs, small
birds); forage close to surfaces
Myzopodidae (Old World
sucker-footed bat)
1, 1 Madagascar Insectivorous: little is known about
its foraging behavior
Mystacinidae (New Zealand
short-tailed bats)
1, 2 New Zealand Primarily insectivorous: use aerial
hawking but well adapted to
hunting arthropods on the
ground; also pollinate certain
terrestrial flowers and eat fruit
Continued
4 Ann. N.Y. Acad. Sci. 1223 (2011) 1–38 c© 2011 New York Academy of Sciences.
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Table 1.Continued
Number
of genera,
Family (common name) species Distribution Diet and foraging modes
Phyllostomidae (New World
leaf-nosed bats)
55, 160 Neotropics Diverse foraging and feeding habits,
including gleaning and aerial
insectivores, carnivores,
blood-feeders, nectar-feeders, and
fruit-eaters. Plant-visiting species
forage in forest understory and
canopy
Mormoopidae (ghost-faced
bats, moustached bats, and
naked-backed bats)
2, 10 Neotropics Insectivorous: primarily feed on insects
close to or on surfaces of water
Noctilionidae (bull dog bats) 1, 2 Neotropics Both species capture insects in or from
the surface of water; Noctilio
leporinus eats fish, frogs, and
crustaceans by trawling its long feet
and claws through the water
Furipteridae (smoky bats and
thumbless bats)
2, 2 Neotropics Insectivorous: may specialize on moths
and butterflies
Thyropteridae (disc-winged
bats)
1, 3 Neotropics Insectivorous: characterized by fluttery,
moth-like flight; consume small
insects
Natalidae (funnel-eared bats) 3, 8 Neotropics Insectivorous: characterized by fluttery,
moth-like flight; consume small
insects
Molossidae (free-tailed bats) 16, 100 Cosmopolitan
in tropics and
subtropics
Insectivores: use aerial hawking; most
species forage in open areas and are
swift, straight fliers
Vespertilionidae (evening and
vesper bats)
48, 407 Cosmopolitan Primarily insectivorous: diverse
foraging modes including aerial
hawking (often using their tail
membrane as a scoop), gleaning,
trawling; a few species eat scorpions,
fish, and small birds
years,42–49 but few have assessed the potential im-
pacts of prey consumption on human health or
natural and agricultural systems. Although it is be-
yond the scope of this review, there has been con-
siderable debate as to the degree of prey selection
by bats.38,50 While some studies have shown indi-
viduals to actively select among available prey,51–54
others have concluded that insectivorous bats are
generalist predators, feeding on a wide diversity of
taxonomic groups and opportunistically consum-
ing appropriately sized prey according to its avail-
ability within a preferred habitat.48,50,55 Insectiv-
orous bat activity and diversity are strongly cor-
related with arthropod abundance,56–58 suggesting
that bats seek out areas of concentratedprey sources.
Although there is considerable variation in the rel-
ative proportions consumed by different species,
most insectivorous bats eat large quantities of lepi-
dopterans (moths), coleopterans (beetles), dipter-
ans (flies), homopterans (cicadas, leaf hoppers),
and hemipterans (true bugs).44,47,59–63 Some species
also eat unusual prey items such as scorpions and
Ann. N.Y. Acad. Sci. 1223 (2011) 1–38 c© 2011 New York Academy of Sciences. 5
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Table 1.2. Documentation of agricultural insect pests consumed by different species of 
bats, methods used for dietary analysis, and estimated quantity of consumptiona 
 
 
Pest Species 
 
Species of Bat Predator 
 
Analysis 
Consumption 
Estimate (%) 
 
Coleoptera 
   
June beetles (Scarabidae) Cave myotis, Myotis velifer (Kunz 1974)  Stomach content  15.9 of Coleoptera 
Brazilian free-tailed bat, Tadarida 
brasiliensis  (Lee and McCracken 2005) 
Fecal dissection 19.7 of Coleoptera 
Eastern red bat, Lasiurus borealis  
    (Brack and Whitaker 2004) 
Fecal dissection 11.2 
Northern long-eared myotis, M. 
septentrionalis (Brack and Whitaker 2004) 
Fecal dissection 5.5 
Big brown bat, Eptesicus fuscus  
    (Brack and Whitaker 2004; Whitaker 
1972; Whitaker 1995)* (Agosta and 
Morton 2003) 
Fecal dissection 29.6 
 
Click beetles or wire worm 
(Elateridae) 
Big brown bat, E. fuscus  
     (Agosta and Morton 2003) 
 
Fecal dissection 
 
31.2 
 
Spotted Cucumber beetle, 
Diabrotica 
undecimpunctata 
(Chrysomelidae) 
 
Big brown bat, E. fuscus (Whitaker 1972; 
Whitaker 1995)* (Brack and Whitaker 
2004) 
 
Fecal dissection 
 
28.2 
Brazilian free-tailed bat, T. brasiliensis  
    (Lee and McCracken 2005) 
Fecal dissection Unreported 
Evening bat, Nycticeius humeralis 
(Feldhammer et al. 1995) 
Fecal dissection 23.5 
Indiana myotis, Myotis sodalis  
    (Tuttle et al. 2006) 
Fecal dissection 1.1  (3.9 by 
frequency) 
Little brown myotis, Myotis lucifugus  
    (Brack and Whitaker 2004) 
Fecal dissection 5.3 
 
Asiatic oak weevil, 
Cyrtepistomus castaneus, 
(Curculionidae) 
 
Indiana myotis, Myotis sodalis (Tuttle et al. 
2006)*(Brack and Whitaker 2004) 
 
Fecal dissection 
 
7.7 (23.2 by 
frequency) 
Eastern red bat, Lasiurus borealis  
    (Brack and Whitaker 2004) 
Fecal dissection 29 
Big brown bat, Eptesicus fuscus  
    (Brack and Whitaker 2004) 
Fecal dissection 13.9 
Homoptera    
Leaf hoppers (Homoptera: 
Cicadelidae) 
 
Cave myotis, M. velifer (Kunz 1974) Stomach content  17.4 of Homoptera 
Big brown bat, E. fuscus  
    (Whitaker 1972; Whitaker 1995) 
Fecal dissection 8.2 
Brazilian free-tailed bat, T. brasiliensis  
    (Lee and McCracken 2005) 
Fecal dissection 37.3 of Homoptera 
Big free-tailed bat, Nyctinomops macrotis  
    (Sparks and Valdez 2003) 
Fecal dissection 26.7 (58.9 by 
frequency) 
Eastern pipistrelle, Perimyotis subflavus 
(Brack and Whitaker 2004) 
Fecal dissection 14.5 
Indiana myotis, M. sodalis (Brack and 
Whitaker 2004) 
Fecal dissection 1.8  (17.9 by 
frequency) 
White-backed planthopper, 
Sogatella sp. (Delphacidae) 
Wrinkled-lipped bats, Tadarida plicata 
(Leelapaibul et al. 2005) 
Fecal dissection 25.3 by frequency** 
   Continued 
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Table 1.2 Continued    
 
Pest Species 
 
Species of Bat Predator 
 
Analysis 
Consumption 
Estimate (%) 
 
Hemiptera 
   
 
Stink bugs (Pentatomidae) 
 
Brazilian free-tailed bat, T. brasiliensis  
   (Lee and McCracken 2005) 
 
Fecal dissection 
 
26.8 
 
Green stink bug, 
Acrosternum hilare  
 
 
 
 
Indiana myotis, Myotis sodalis  
    (Tuttle et al. 2006) 
 
Fecal dissection 
 
0.1  (1.4 by 
frequency) 
Hoary bat, Lasiurus cinereus  
    (Brack and Whitaker 2004) 
Fecal dissection 43.8 
Eastern red bat, Lasiurus borealis  
    (Brack and Whitaker 2004) 
Fecal dissection 2.1 
Big brown bat, E. fuscus  
    (Agosta and Morton 2003; Brack and 
Whitaker 2004; Whitaker 1972; Whitaker 
1995)* 
 
Fecal dissection 
 
18.3 
 
Brown stink bug, 
Euschistus servus 
Big brown bat, E. fuscus  
    (Brack and Whitaker 2004) 
Fecal dissection 2.5 
Northern long eared myotis, M. 
septentrionalis (Brack and Whitaker 2004) 
Fecal dissection 1.0 
Lepidoptera    
Corn earworm moth, 
Helicoverpa zea 
(Noctuidae) 
Brazilian free-tailed bat, T. brasiliensis  
    (McCracken et al. 2012) 
Molecular: 
qPCR 
N/A 
Gypsy moths, Lymantria 
dispar (Lymantriidae)  
Eastern red bat, Lasiurus borealis  
    (Clare et al. 2009) 
 
Molecular: 
Sequence based 
 
N/A 
Cutworms, Noctua pronuba 
(Noctuidae) 
Coneworms, Dioryctria 
spp. (Pyralidae) 
Tent caterpillars,  
Malacosoma spp. 
(Lasiocampidae) 
Tortrix moths, Cydia sp. 
(Tortricidae) 
Diptera    
Mosquitos (Culicidae) Indiana myotis, M. sodalis  
(Tuttle et al. 2006) 
Fecal dissection 1.0  (4.3 by 
frequency) 
Hessian fly, Mayetoila 
destructor 
Indiana myotis, M. sodalis  
(Tuttle et al. 2006) 
 
Fecal dissection <0.1  (0.4 by 
frequency) 
aEstimates of consumption are in percent volume of the total diet unless otherwise 
specified. See Appendix A.1 for descriptions of pest species. 
* The study from which estimates of consumption are taken if more than one 
** Estimate refers to Homoptera: “most” were Sogatella sp. 
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Figure 1.1. Brazilian free-tailed bat (Tadarida brasiliensis) flying with a moth in its 
mouth (photo by Merlin D. Tuttle, Bat Conservation International, www.batcon.org). 
 
 
 
 
Figure 1.2. Brazilian free-tailed bats (Tadarida brasiliensis) dispersing over agricultural 
landscapes from a maternity roost in south-central Texas (photo by Merlin D. Tuttle, Bat 
Conservation International, www.batcon.org). 
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mammals, and even blood also assume important
roles in ecosystems as predators or prey in sustain-
able ecosystems. Bats provide value to ecosystems
as primary, secondary, and tertiary consumers that
support and sustain both natural and human dom-
inated ecosystems ranging from the simple to the
complex. In this review, we describe the ecosystem
services provided by bats that feed on insects and
other arthropods, onnectar andpollen, andon fruit.
Insectivorous species, largely feedingonairborne in-
sects and other arthropods, suppress both naturally
occurring and anthropogenically-generated insect
populations (such as agricultural pest species and
insects that annoy or transmit specific pathogens
to humans and other mammals) and contribute
to the maintenance of ecosystem stability. Frugiv-
orous bats help maintain the diversity of forests by
dispersing seeds across different ecosystems, often
introducing novel plant species into previously dis-
turbed landscapes33 and to oceanic islands.34 Sim-
ilarly, nectarivorous bats that visit flowers provide
valued ecosystem services by pollinating plants, dis-
persing pollen, and, thus, helping to maintain ge-
netic diversity of flowering plants. In addition to
suppressing insect populations, pollinating flowers,
and dispersing seeds, insectivorous, nectarivorous,
and frugivorous species may redistribute nutrients
and energy through their guano to sustain terres-
trial, aquatic, and cave ecosystems. Lastly, where
data are available, we consider the economic value
of bats to terrestrial ecosystems. While data on the
economic value of bats to ecosystems are limited, we
present a framework that is needed tomake such as-
sessments and to examine why the diverse forms of
this group of mammals deserve respect, protection,
and conservation.
The role of bats in arthropod suppression
Among the estimated 1,232 extant bat species,8 over
two thirds are either obligate or facultative insecti-
vores (Table 1). They include species that glean in-
sects from vegetation and water in cluttered forests
to those that feed in open space above forests, grass-
lands, and agricultural landscapes (Fig. 1).Although
popular literature commonly recognizes bats for
their voracious appetites for nocturnal and crepus-
cular insects,35 the degree towhich they play a role in
herbivorous arthropod suppression is not well doc-
umented. In this section, we review the available lit-
erature on the predator–prey interactions between
Figure 1. Brazilian free-tailed bat (Tadarida brasiliensis) fly-
ing with a moth in its mouth (photo by Merlin D. Tuttle, Bat
Conservation International, www.batcon.org).
bats and arthropod pests—including themagnitude
of arthropod consumption by bats, the responses
of prey to threats of predation, and the quantitative
impacts of bats on arthropodpopulations—anddis-
cuss the various methods used to obtain these data.
This type of information could ultimately be used to
estimate the ecological and economic value of bats
in both natural and agricultural systems, a topic
that we discuss in detail in the section on economic
valuation of ecosystem services.
Dietary considerations: what’s on the menu?
Foraging modes. Insectivorous bats use various
methods for capturing and consuming insect prey
(Table 1). Aerial hawking bats hunt prey on the fly,
often scooping insects from the air with their wing
or tail membrane and transferring them to their
mouths.36–38 Gleaning bats, those that take prey
from surfaces, generally forage in cluttered envi-
ronments (e.g., dense foliage) where background
echoes can mask echoes from insects.38,39 Some
gleaners are able to finely discriminate targets us-
ing low-intensity, broadband echolocation calls,40,41
whereas others passively listen for prey-generated
sounds or use vision and/or olfaction.38 Trawling
bats glean insects off the surface of water using their
long feet and/or tail membrane. Fly-catching and
perch-hunting bats hang from perches and wait for
aerial and ground-dwelling prey, respectively. These
foraging modes, however, are not mutually exclu-
sive, and it is often difficult to categorize a given
species.
General insect consumption. Studies of dietary
habits of insectivorous bats date back many
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Figure 2. Brazilian free-tailed bats (Tadarida brasiliensis) dis-
persing over agricultural landscapes from a maternity roost in
south-central Texas (photo by Merlin D. Tuttle, Bat Conserva-
tion International, www.batcon.org).
to better understand its ecosystem service.62,66,99,100
Millions of Brazilian free-tailed bats migrate north-
ward each year in the spring from Mexico to form
enormous maternity col nies in limestone caves
and bridges throughout the southwestern United
States.43,101 Each evening, large numbers of bats
emerge from these ro sts (Fig. 2) anddisperse across
natural and agricultural landscapes in high enough
densities to be detected by NEXRAD WSR-88D
Doppler weather radars.99 As recently as the 1950s
and early 1960s, midsummer colonies of Brazil-
ian free-tailed bats in 17 caves in the southwest-
ern United States were estimated to total about 150
million individuals.102 However, recent estimates,
based on improved census methods using thermal
infrared imaging and computer detection and track-
ing algorithms, conclude that these same caves now
house closer to nine million bats, indicating either
a marked population decline or an overestimation
in past observations.103 The likelihood of historic
overestimates is supported by further quantitative
assessments of colony dynamics and emergence be-
havior of Brazilian free-tailed bats that roost in
Carlsbad Caverns, New Mexico.104
Although Brazilian free-tails are known to con-
sume awide variety of prey items (12 orders, 35 fam-
ilies), numerous studies indicate that moths (Lep-
idoptera) are their primary food source,61,62,66,105
including devastating agricultural pests such as the
corn earworm or cotton bollworm moth (Helicov-
erpa zea) and the tobacco budwormmoth (Heliothis
virescens).88,98 Studies have found that the propor-
tion ofmoths consumedbyBrazilian free-tailed bats
increases markedly during their early morning for-
agingbouts in comparison toevening foragingbouts
fromMay to the end of June,66,105 a time period that
coincides with the immigration of swarms of corn
earwormmoths and fall armyworms, Spodoptera ex-
igua, intoTexas fromnorthernMexico onprevailing
winds.106,107 In a study on the foraging activity of
these bats at high altitudes,McCracken et al.100 doc-
umented that echolocation search calls and feeding
buzzes were most abundant at ground level and at
400–500 m above ground level, the latter of which
corresponds with the low-elevation southerly wind
jet, amajor aeroecological corridor for thenocturnal
dispersal of corn earworm moths, fall armyworms,
and other insects. Des Ma is et al.108 used stable
isotope ratios of carbon from bat guano to esti-
mate that more than one-half of all insects eaten by
Brazilian free-tailed bats that roost in Carlsbad Cav-
erns fed on crops, based on landscape data showing
that 90% of the crops surrounding the cave were C3
plants while the majority of the native plants were
C4. Similarly, Mizutani et al.109 estimated that two-
thirds of the guano sampled from a cave housing
several million Brazilian free-tailed bats in Arizona
included insects or other arthropods that fed on C3
crops (cotton and alfalfa) in an area dominated by
native C4 vegetation.
These studies strongly suggest that Brazilian free-
tailed bats opportunistically forage over agricultural
fields that both produce and attract large insect pop-
ulations. Research suggests that after initial arrival
into Texas from northern Mexico, corn earworm
and tobacco budworm moths and their progeny
undergo an annual migration northward through
the southern and central croplands of the United
States.106,107 Thus, the benefits conferred to agricul-
ture by consumption of these moths by bats may
not be limited to their local foraging areas (e.g., in
Texas and New Mexico) but may extend to agri-
cultural landscapes hundreds of kilometers away.
Several recent studies have estimated the economic
value of the pest suppression service provided by
Brazilian free-tailed bats98,103,110,111 and are further
discussed in the section on valuation of ecosystem
services.
Density-mediated direct and indirect effects: con-
sumption. Research evaluating ecosystem services
of other insectivorous bat species fall far behind that
of the Brazilian free-tailed bat; however, several re-
cent studies have provided compelling evidence that
10 Ann. N.Y. Acad. Sci. 1223 (2011) 1–38 c© 2011 New York Academy of Sciences.
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CHAPTER 2 
HABITAT USE, DIVERSITY AND ABUNDANCE OF INSECTIVOROUS BATS 
IN A PECAN AGROECOSYSTEM:  
EFFECTS OF MANAGEMENT AND PREY AVAILABILITY 
 
ABSTRACT 
The agricultural matrix, surrounding or integrated with fragmented natural habitat, is 
gaining traction as a key component in comprehensive, landscape-level conservation 
strategies for wildlife. The effects of agricultural intensification on insectivorous bats, 
postulated to provide critical pest suppression services, are not clear. In the threatened 
Edwards Plateau ecoregion of Texas, the pecan agroecosystem exists within semi-arid, 
heavily modified live oak savanna and mesquite-juniper woodlands. To evaluate the 
relative conservation value of the pecan agroecosystem and effects of management on bat 
assemblages, I measured composition and activity patterns of bats and their insect prey 
within organically managed native pecan groves, conventional pecan orchards and 
mesquite-juniper woodlands. Using mistnets and AnabatII ultrasonic detectors from 2008 
to 2010, I documented higher bat abundance, diversity and activity within the pecan 
agroecosystem than in surrounding mesquite-juniper woodlands. Evening bats 
(Nycticeius humeralis) and eastern red bats (Lasiurus borealis) preferred native groves 
and conventional orchards, respectively, due in part to vegetative structure. 
Radiotelemetry indicates that both species roost predominantly in pecan trees. Temporal 
variation in prey availability was correlated with bat abundance; however, the direction 
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and strength of the correlation varied by prey item and bat species. Temporal patterns in 
bat activity showed a change in relative importance of each habitat type over the season; 
for example, native groves consistently exhibited higher bat activity during critical 
reproductive periods. My results demonstrate that the pecan agroecosystem provides 
habitat that is more attractive to insectivorous bats than the surrounding landscape and 
that there are important species-specific and seasonal differences in the effects of 
management intensity. Conservation measures to maintain and expand native pecan 
groves and to retain old trees within conventional orchards are strongly recommended.  
 
INTRODUCTION 
The Agricultural Matrix – Habitat loss and degradation from agricultural expansion and 
intensification are principle causes of species declines worldwide (Donald and Evans 
2006; Foley 2005). Bats (Chiroptera) depend on intact woodland habitats for foraging, 
roosting, protection, breeding, overwintering and migratory stopover points (Lacki 2007), 
but loss of undisturbed tracts of woodlands have led to severe population declines in 
many bat species (Mickleburgh et al. 2002). Numerous studies have evaluated the effects 
of fragmented landscapes and of maintaining connectivity between the natural habitat 
islands that remain (e.g., Fuentes-Montemayor et al. 2013; Saunders et al. 1991) on 
wildlife. There has been much less emphasis, however, on the role of the agricultural 
matrix itself as a conservation strategy (Perfecto et al. 2009; Vandermeer and Perfecto 
2007; Williams-Guillen and Perfecto 2010, 2011). As agriculture intensifies, through 
land use change and agrochemical application, the diversity of ecosystems generally 
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decreases (Altieri 1999; Perfecto et al. 2003; Perfecto et al. 1996; Swift et al. 1996); thus, 
the quality of habitat provided by the matrix may be directly dependent upon 
management intensity. 
Insectivorous bats have been shown to play an important role in ecosystem 
function through suppression of agricultural pests (Cleveland et al. 2006; Whitaker 1995; 
Williams-Guillen et al. 2008). However, habitat use patterns within the agricultural 
matrix are not well understood. Only recently has the quality of the agricultural matrix 
been evaluated in terms of its effects on habitat selection by insectivorous bats and there 
is conflicting evidence as to the impacts of agricultural intensification. For example, 
Wickramasinghe et al. (2003) found overall bat and foraging activity to be significantly 
higher (by 61% and 84% respectively) on organic farms than on conventional farms in 
England, which was attributed to greater insect abundance (Wickramasinghe et al. 2004). 
In contrast, bats in Greece used both organic and chemically sprayed olive groves just as 
frequently as natural woodland fragments, indicating that these bats were not affected by 
management intensity (Davy et al. 2007). In Switzerland, bat activity was five times 
higher in managed chestnut orchards than in abandoned orchards, likely due to the 
negative effects of vegetative clutter on flight maneuverability (Obrist et al. 2011). 
Finally, foraging and overall activity of forest bat species in coffee plantations in Mexico 
were found to decrease with management intensity, while open space species increased in 
overall activity (Williams-Guillen and Perfecto 2011). Taken together, these studies 
suggest there is variation in the use of the agricultural matrix by bats and this depends 
upon factors such as prey availability, vegetative structure and species-specific natural 
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history traits. The effects of management intensity on the quality of foraging habitat for 
bats are implicated in each of these studies, but are not consistent between systems. 
Documentation of bat activity and diversity patterns within the agricultural matrix is a 
key component in the valuation of ecosystem services provided by bats (Kunz et al. 
2011) and in the development of a comprehensive conservation strategy. 
 
Pecan Agroecosystem Embedded in a Larger Landscape – Pecan agriculture, important 
both economically and culturally in the United States and Mexico (Hadjigeorgalis et al. 
2005), may serve as critical habitat for bats due to its tight association with riparian 
ecosystems and its structural complexity in a greatly modified landscape. Riparian 
corridors contribute disproportionately to landscape-level ecological diversity (Naiman et 
al. 1993) and are especially important for wildlife in arid ecosystems where water is a 
limiting resource and vegetative complexity (species diversity, canopy structure and 
green leafy material) is low (Wilson and Cope 1979). Although bats are highly mobile, 
most species rely to a certain degree on riparian areas for foraging, roosting and as a 
source of drinking water (Best and Geluso 2003; Fenton and Barclay 1980; Humphrey et 
al. 1977; Schmidly 1991). Previous research suggests that the structural complexity and 
associated resources in riparian woodlands are greatly preferred over shorter riparian 
habitats such as riparian shrubland, marshes and mesquite bosque by bats in arid regions 
(e.g., Williams et al. 2006; Young and Ford 2000).  Insect communities also depend upon 
leafy vegetation in arid and/or agricultural systems (Knops et al. 1999; Murdoch et al. 
1972), which may lead to increased prey availability for bats in these areas.  
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Pecan trees (Carya illinoinensis (Wang) K. Koch), which are native to the 
southern United States and northeastern Mexico, naturally grow in the alluvial flood 
plains of the Mississippi River, rivers of central Texas and their many tributaries (Billings 
1946; Manaster 1994; Sparks 2005) (Figure 2.1). Native pecan trees are phreatophytes 
(deep-rooted plants capable of reaching the water table) found in mixed-species flood 
plain communities with other hardwoods such as sycamore (Platanus occidentalis L.), 
elm (Ulmus spp.), walnut (Juglans spp.) and other hickories (Carya spp.) (Harris 2001; 
Tharp 1939). These native pecan forests experience climates ranging from very humid to 
semi-arid (Sparks 2005) and their associated river systems carve through habitats ranging 
from Midwestern cornfields to semi-arid shrublands. Native pecan forests often exist as 
fragments of structurally complex vegetation amidst these larger landscapes, and increase 
in species heterogeneity as precipitation increases (Sparks 2002). 
 To facilitate production and harvesting of nuts, landowners typically clear native 
pecan forests of competing trees and brush to establish monotypic native pecan groves 
(Maggio et al. 1991; Sparks 2002) and improved varieties of pecan trees have been 
planted in suitable sites within and outside the native range to establish conventional 
pecan orchards (Figure 2.1). A continuum of management intensities exists within these 
groves and orchards. Expanding beyond the pecan’s historical range, improved variety 
pecan trees are now cultivated commercially in 14 states across the southern and 
southwestern United States (Figure 2.2). Groves and orchards cover just over 220,000 
hectares in the U.S., placing pecans 4th highest in land area within the USDA category of 
fruit, tree nuts, berries and nursery/greenhouse crops (behind grapes, almonds and 
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oranges and ahead of crops such as walnuts, apples, peaches, avocados and tomatoes; 
(USDA 2009). Nearly half of the total U.S. pecan land area and over half of the 
production and sales occur within the state of Texas (Hadjigeorgalis et al. 2005; Harris 
2001; USDA 2009). Texas also has the highest percentage of native pecan trees of any 
state, occupying just over 50% of the total pecan farms and land area (USDA 2009). 
 
A Changing and Threatened Landscape – Texas is at the center of the pecan’s native and 
cultivated range and contains the highest bat species richness in the U.S. (Ammerman et 
al. 2012). The Edwards Plateau Woodlands Ecoregion (Griffith 2004) of the central 
Texas hill country, an uplifted region formed from marine deposits of sandstone, 
limestone, shale, and dolomites (Texas Parks and Wildlife), is globally recognized for the 
limestone caves that are inhabited by huge colonies of Brazilian free-tailed bats 
(Tadarida brasiliensis) (Betke et al. 2008; Cook and Olson 2013). However, this 
ecoregion is classified as critical/endangered by the World Wildlife Fund, and only about 
two percent of the remaining habitat is considered intact (Cook and Olson 2013). The 
native juniper (Juniperus ashei J. Bucholz)-live oak (Quercus fusiformis) and honey 
mesquite (Prosopis glandulosa Torr.)-Acacia (Acacia spp.) savannas (Kuchler 1964) 
have been significantly modified (up to 90%) through conversion to pasture, urban areas 
and row crops. Changes in vegetation structure and composition, fragmentation of 
grasslands and expansion of woody species have been exacerbated by fire suppression 
and overgrazing (Cook and Olson 2013). Native pecan forests once comprised the most 
widely distributed forests in Texas (Diamond 1987), but most large blocks have been 
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heavily modified and intact forests remain primarily in thin strips along rivers’ edges 
(Rosiere et al. 2013); J. Byrd, personal communication, 2008). The current Texas 
Conservation Action plan considers floodplain forests and woodlands in the Edward’s 
Plateau to be priority habitats (Texas Parks and Wildlife Department 2012). 
In this semi-arid region, pecan groves and orchards typically exist as pockets of 
deciduous vegetation. Native pecan groves are being replaced over time with planted 
orchards due to the death or removal of old trees, economic incentive of higher yield 
systems and low seedling recruitment from mowing, tilling and overgrazing (Jones 
2010); J. Byrd, personal communication, 2008). The USDA agricultural census estimated 
that the total number of farms and land area dedicated to pecan cultivation in Texas has 
decreased by 8.5% and 3.2%, respectively, between 2002 and 2007 (USDA 2009), which 
suggests a loss of smaller farms and possible intensification of pecan cultivation. Land 
area containing pecan trees of nonbearing age has decreased by 7,741 hectares. Seventy 
percent of this loss appears to be accounted for by maturing young orchards, but the 
remaining loss may be due to elimination of old, non-reproductive pecan trees. Because 
the 2002 census did not discriminate between native and improved variety pecans, it is 
impossible to quantify the respective changes to each system. Although pecan cultivation 
is considered to be more sustainable than other forms of agriculture (Diver and Ames 
2000), the intense management practices in many conventional orchards may degrade the 
habitat provided by this agroecosystem. The understory is often tilled to facilitate 
harvesting or planted with non-native grasses for livestock grazing. 
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The pecan agroecosystem, through its integration with riparian plant 
communities, may provide critical foraging habitat for insectivorous bats within a semi-
arid, highly fragmented landscape and may buffer against losses to juniper-oak savannas, 
native pecan forests and riparian corridors. Furthermore, many bats roost inside tree 
hollows, beneath loose bark and within foliage (Kunz and Lumsden 2003); thus, mature 
pecan groves and orchards may act as attractive roosting sources for these cavity and 
foliage-dependent species. However, management intensity within the pecan 
agroecosystem may influence habitat selection by bats and degrade the suitability of these 
habitats. To my knowledge, the present study is the first to document species composition 
of, and habitat use by, bats within pecan agroecosystems. Specifically, I address the 
following hypotheses: 1) native pecan groves and conventional orchards have greater bat 
diversity and activity than in the surrounding semi-arid landscape consisting of mesquite-
juniper woodlands, 2) bat diversity and activity is higher in less intensively managed 
organic, native pecan groves than in conventionally managed orchards, and 3) habitat 
selection is influenced by prey availability in each habitat type and bats show species-
specific responses to different measures of prey availability. 
  
METHODS 
Study Site 
Study Area.  This study was conducted in San Saba County, in the hill country of central 
Texas and is part of the Edwards Plateau Woodlands Ecoregion (Griffith 2004). Known 
as the “Pecan Capitol of the World”, San Saba is historically the site of the first grafted 
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pecans and currently has the second highest number and area of pecan orchards in Texas 
and the 6th highest in the country (USDA 2009). Mean annual temperature in San Saba is 
18.8°C (average low of 1°C in January to an average high of 35°C in July and August). 
Mean annual precipitation is 704 mm; 27% falls during May and June and there is a 
distinctive dry period in January. San Saba County has 98.9% of its land dedicated to 
agriculture (primarily rangeland for livestock), with 15% of the farms and 1.3% of the 
total land area as pecan agroecosystems (USDA 2009). Approximately 50% of the pecan 
farms and land area consist of native pecan trees. The landscape is a mosaic of 
conventional pecan orchards and native groves, conventional agriculture fields and forest 
fragments, surrounded by low mesquite-juniper woodlands. The San Saba River, which 
flows approximately 225 km within a watershed spanning seven counties, is lined with 
native pecan trees and is the primary source of irrigation for conventional orchards. It is 
listed as an ecologically significant stream segment by the Texas Conservation Action 
Plan (Texas Parks and Wildlife Department 2012). 
 
Study Sites.  To minimize effects of variation in regional weather, soils, vegetation and 
proximity to water, all study sites were adjacent to the San Saba River and concentrated 
within an approximately 9 km2 area representing a variety of land uses and management 
intensities. Distances between sites ranged from 300 m to 6.5 km and elevation ranged 
from 360 to 486 m.a.s.l. (393.4 ± 1.38 m). Sites were identified as one of three habitat 
types common to the Edwards Plateau region (Figure 2.2): 1) Native pecan groves (n = 3) 
which are minimally managed groves that have been thinned of competing tree species 
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and are grown organically with a ground cover of grasses (native and introduced) and 
wildflowers. 2) Conventional pecan orchards (n = 4) consisting of improved variety 
pecan trees planted in rows, with frequent pesticide use, fertilization, soil tillage, branch 
cropping and flood irrigation. 3) Mesquite-juniper woodlands (n = 3) which are the 
dominant habitat type on the landscape, consisting primarily of honey mesquite, ashe 
juniper, prickly pear cacti (Opuntia sp.) and a shrub-bunchgrass understory (e.g., Aloysia 
gratissima, Colubrina texensis), with occasional American elm (Ulmus americana L.), 
Texas live oak and Texas persimmon (Diospyros texana Scheele). These sites are 
minimally managed for livestock grazing and white-tailed deer habitat. Undisturbed, 
native pecan forests were initially one of the anticipated study sites; however, because 
they have been largely reduced to thin strips of riparian vegetation, the associated bat and 
insect communities likely reflect their proximity to the river rather than properties of the 
original forests themselves. Thus, to avoid biased comparisons to other sites, these 
habitats were ultimately not included in the study (see Figure 2.1). Several sites directly 
along the river were included for comparison in the analysis of bat activity as monitored 
with acoustic detectors (described below). 
 
Bats 
Bat Community Composition.  To assess the general community composition of bats in 
the study area (species, sex and age ratios, capture-recapture rates), I captured bats using 
a combination of triple-high and ground-level mist nets in the summers of 2008-2010 
(125 nights). Nets were monitored every 15 minutes. Captured bats were held in clean 
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cotton bags until processing, at which point I identified species, sex, age and reproductive 
status, and measured mass and forearm length. A subset of healthy individuals was fitted 
with metal alloy wing bands to measure recapture rates. Tadarida brasiliensis and 
Perimyotis subflavus were never banded due to evidence that they do not do well with 
bands (J. Reichard, personal communication 2008) or due to their small size, 
respectively. All individuals not banded were marked with a small dab of non-toxic nail 
polish to avoid double counting individuals within the same night. 
 
Bat abundance and diversity.  For a subset of the mistnetting nights described above, I 
used a protocol designed to quantify bat abundance and diversity across habitat types. 
Within each site, I sampled the bat community three times throughout the summer (June, 
July, August) of 2008 (23 nights) and 2009 (29 nights) using two triple-high mist nets (10 
x 9 m, 10 x 12 m) and two ground level nets (3 x 9 m, 3 x 12 m). The number of bats 
captured was considered to be a relative index of their abundance (hereafter referred to as 
‘bat abundance’) and was used to calculate diversity within each site. All sites were 
sampled during the two-week dark phase of the moon to reduce potential lunar phobia 
(Morrison 1978) and order of site sampling was randomized to minimize temporal bias 
(Hayes 1997). Netting locations were selected in each site to best represent the vegetation 
structure of the site and most effectively conceal nets. Net locations were changed on 
each repeat sampling event within a site. Nets were opened just before dusk (2030-2100h 
DST) and closed just before dawn (0600-0630h DST).  
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Roost use measured through radiotelemetry.  I used radiotelemetry to track two of the 
most commonly captured species (Lasiurus borealis and Nycticeius humeralis) to test 
whether these bats used the pecan agroecosystem for roosting in addition to commuting 
routes and foraging areas, and to assess proximity of my sites to roosting areas. Bats were 
captured with mist nets and fitted with 0.35-0.45 g radio transmitters (Holohil System 
Ltd.) using non-toxic Skin Bond adhesive. Bats were tracked back to their roosts using 
radiotelemetry receivers (TRX 2000, Wildlife Materials, Inc.) and two 5-element Yagi 
radio antennas for the lifespan of the radio transmitter (~12 days) or until the transmitter 
fell off. All locations where roost sites were confirmed were marked with a handheld 
Garmin GPS (eTrex Vista) unit. For all identified tree roosts, the following characteristics 
were measured and recorded: tree species, type of roost (foliage, cavity, bark etc.), tree 
diameter at breast height (DBH), and roost/tree height using a clinometer. Additionally, 
nine digital images of the forest canopy were taken, one directly below the roost and 
eight at evenly spaced points 10 m from the roost. Mean percent canopy cover for the 
roost area based on these nine images was manually calculated using ImageJ (v.1.46r). 
Emergence counts were conducted visually if possible or with a thermal infrared camera 
(FLIR, Model S60).  
 
Bat activity.  I monitored the level of overall bat activity in each study site with AnabatII 
ultrasonic detectors coupled with ZCAIM recording units (Titley Electronics) in 
weatherized plastic containers mounted on 4m high PVC poles. Ultrasonic detectors are 
widely used to study bat behavior and habitat associations (Murray et al. 1999; O’Farrell 
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and Gannon 1999). All Anabat and microphone pairs were calibrated using an ultrasonic 
pest repeller (Black&Decker, Frequency: 80khz, Amplitude: 100db) prior to mounting in 
the study sites to ensure equal levels of sensitivity. Detectors were set to record from 
1900 to 0700h each night. In 2008, I used acoustic data recorded in multiple sub-sites to 
assess potential heterogeneity and the effect of proximity to the river to determine 
stationary locations for detectors in subsequent years. Peak bat activity in most 
landscapes is along riparian corridors (e.g., but it is not clear how quickly this activity 
tapers off with increasing distance from the river. Detectors were erected within ‘river 
distance intervals’ of 0-50 m, 75-225 m and 250-400 m from the river in each site. For 
each month, the detectors recorded nightly bat activity for three nights simultaneously at 
one site of each habitat type, during which time I mist netted at all three sites (one site per 
night); detectors were then moved and the process was repeated twice for the six 
remaining sites. Mist nets and bat detectors were always erected  > 50 m apart. Due to the 
finding that the second and third river distance intervals did not differ in bat activity (see 
Results), only one detector in each site was erected between 150 and 250 m from the river 
to record nightly over the entire season for 2009 and 2010.  
 
Acoustic analysis.  Bat call sequences were analyzed using AnalookW (v.3.8q) software 
for number of bat passes per night. I created a customized filter that distinguished bat 
calls from non-bat ultrasonic noise such as wind, echoes and insects (Appendix A.2). 
Each file was required to contain ≥ 2 calls that satisfied the filter specifications in order to 
be considered a bat pass and included in further analyses (Fenton 1970). Because not all 
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noise files were excluded using the automated process, sites with extremely high insect 
noise had artificially elevated estimates of bat activity. To correct for this, I manually 
reviewed every file that passed the filter and eliminated any extraneous noise files.  
 
Insect Prey 
Nocturnal Prey Composition and Abundance.  As an index of prey availability, insect 
composition, abundance and biomass were measured at each site simultaneously with 
mist netting using two bucket traps with 12W fluorescent black lights powered by 12V 
batteries. The radius of attraction is approximately 50–200 m (Ricketts et al. 2001), but 
this range is highly dependent upon obstructions (Baker and Sadovy 1978). In order to 
limit sampling to the insect communities within each habitat of interest, I placed all black 
light traps on the ground in randomized locations with minimal obstructions, ≥ 50 m from 
the edge of a habitat, ≥ 85 m from one another, and between 85 m and 350 m from the 
river. In 2008, traps were deployed from 2100 to 0600 h. Insects were sacrificed at the 
end of the trapping period using a cotton ball dampened with ethyl acetate that was sealed 
within the trap for 8 hours. The entire trap catch was preserved in vials of 70% alcohol 
for later identification.  
The protocol was modified in 2009 to address several concerns. In 2009, due to 
battery limits and magnitude of insects captured, I reduced the sampling period to four 
hours between 2200 and 0200 h. This also guaranteed that lights only operated in 
conditions of complete darkness. To minimize specimen damage caused by high 
concentrations of live insects, strips of a solid insecticide (Dichlorvos) were kept in the 
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traps throughout the trapping period, which quickly killed insects upon capture. To 
further reduce the quantity of insects, only half of each sample was collected for 
identification. To avoid loss of moth scales and discoloration caused by preservation in 
alcohol, samples were dried in a convection oven at 60 °C for ~3 days until reaching a 
constant mass. 
 
Insect Identification.  Insects were identified to order, based on external morphology, and 
size (maximum body length of the insect measured head to tip of abdomen or wing). 
Insects with hind wings covered by elytra (e.g., Coleoptera and Hemiptera) were 
measured to the edge of the elytra. Size categories were classified as follows: extra-small 
(<5 mm), small (5-10 mm), medium (10-20 mm), large (20-30 mm) and extra-large (>30 
mm). Prey-sized insects were defined as 5-30 mm long based on findings that mid sized 
insectivorous bat species, such as those present in the study area, primarily consume 
insects within this size range (e.g., Kunz 1974; Ross 1961, 1967). Due to the magnitude 
of insects collected in 2008, I identified every insect ≥ 20 mm for each sample, while 
only identifying a subsample of the insects < 20 mm. To subsample, I immersed the 
insects in alcohol and distributed them evenly within a tray containing a 126-cell grid 
with 2 x 2 cm cells, allowing the alcohol to partially evaporate for 24 hours in a fume 
hood. I then randomly selected fifteen cells and removed all insects with greater than half 
their bodies within that cell; insects ≥ 5 mm were identified. Because the 2009 samples 
contained fewer insects, I sorted all insects ≥ 5 mm. For both years, insects < 5 mm were 
randomly subsampled nine times from a petri dish with a 45-cell grid of 1 x 1 cm cells. 
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All identified insects were dried in a convection oven at 60°C for ~3 days to a constant 
mass, at which point dry mass was recorded.  
 
Covariates 
Climate variables. Both insect and bat captures have been shown to be affected by 
weather and moon illumination (e.g., McGeachie 1989; Wolcott and Vulinec 2012; Yela 
and Holyoak 1997). In order to account for inherent nightly variation due to sites not 
being sampled simultaneously (Hayes 1997), I measured the following variables hourly 
throughout the night from sunset to sunrise at each sample location: air temperature and 
wind speed (average and max gusts in km hr-1) using a Kestrel weather meter (3000), 
cloud cover estimated visually (0 for a clear sky, 4 for completely overcast) and moon 
brightness estimated visually (0 for no moon, 4 for full moon). The nightly minimum, 
mean and maximum values for each of these climate variables were used in all 
subsequent analyses. Additional climate data were obtained from the National Oceanic 
and Atmospheric Administration (NOAA) weather station in San Saba, including daily 
temperature (minimum and maximum) and precipitation from the day prior to and the 
day of sampling. The illuminated fraction of the moon for the central time zone was 
obtained from the Astronomical applications department of the U.S. Naval Observatory 
website (http://aa.usno.navy.mil/). 
 
Site configuration and woodland structure spatial variables. To account for differences 
in site configuration, I calculated the area and perimeter of each site using Google 
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EarthPro (2013). The boundary of each site was delineated by the continuity of the 
vegetation type, property boundaries and road divisions, and thus may not entirely reflect 
ecological parameters especially for the mesquite-juniper woodlands, which form a much 
more continuous vegetation type across the landscape. The actual sampling areas within 
and across each site were comparable in both size and distance from river. To 
characterize the vegetation composition and structure of each site, I set up two 40 x 40 m 
plots within each site (only one 10 x 10 m and one 40 x 40 m for mesquite-juniper 
woodlands due to high stem density). Within these plots, all woody plant (trees, shrubs 
and cacti) species were counted and identified, and for stems ≥ 2.5 cm DBH or ≥ 2.5 m 
tall, I measured DBH and estimated tree height using a clinometer. I then calculated mean 
tree density. I took digital canopy photos at the corners and in the center of each plot and 
used ImageJ to calculate percent canopy cover.  
 
Statistical Analyses 
 Several random-effect, multiple regression models, with site as the primary 
grouping factor, were constructed to evaluate the effect of habitat type and spatio-
temporal variables on bats and their nocturnal insect prey. All statistical analyses were 
conducted using RStudio version 0.97.551 (RStudio 2013) in conjunction with R version 
3.0.2 (R Core Team 2013). Unless otherwise noted, all reported errors represent the 
standard error of the mean (±SE), and all pairwise comparisons between levels of a 
categorical variable were tested with Tukey’s HSD (Honest Significant Differences) post-
hoc tests, which accounts for multiple comparisons. 
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For each data set, the influence of outliers and distribution of the data were 
assessed using Cleveland dotplots, histograms and Shapiro-Wilk normality tests. Bat 
capture data (counts) followed a poisson distribution, while insect and bat activity data 
were distributed normally. All subsequent analyses used these distributions in initial 
model construction, but were adjusted accordingly based on the results of standard model 
residual diagnostics for each data set. Differences between years were tested in each site 
using Wilcoxon rank sum tests or student’s t-tests depending on the distribution. Because 
there were no significant differences between years, all data were pooled for final 
analyses. Chi-square goodness-of-fit tests were used to test for differences in bat age/sex 
ratios and capture-recapture summary statistics.  
To test for significant differences in bat and insect community composition 
between habitat types (bat species and insect order/size categories), I used an analysis of 
similitude (ANOSIM) test, a nonparametric permutation test analogous to analysis of 
variance (ANOVA; (Clarke and Warwick 2001; Williams-Guillen and Perfecto 2011), 
using the Jaccard similarity index. Diversity indices (Shannon-Wiener (H’) and 
Simpson’s index of diversity (1-D)) were also calculated for each site; differences among 
habitats were then tested using ANOVA.  
Using the R functions lme and lmer in the nlme (Pinheiro et al. 2012) and lme4 
(Bates et al. 2012) packages, respectively, linear mixed-effects models (LMMs) and 
generalized linear mixed-effects models (GLMMs) were constructed to test for effects of 
habitat type and temporal variables. This modeling framework accounts for repeated 
sampling events of different locations within the same sites, with ‘Site’ as a random 
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effect. Response variables for bats included total bat abundance, species-specific 
abundance (for the four most common species) and number of bat passes per night. 
Response variables for nocturnal insects included total insects or biomass per trap hour, 
and order-specific abundance or biomass per hour of the most common orders. Measures 
of prey availability were also included in the bat models as predictor variables.  
Site configuration (perimeter and area) and woodland structure variables (tree 
DBH, height, density and canopy cover) were not included in the primary mixed-effects 
models because there was only one value per site for each variable. Instead, linear 
regression models were constructed using mean bat abundances over two years at each 
site as response variables, to assess how site-specific characteristics contributed to spatial 
patterns in bat abundance. To test for differences in site configuration and woodland 
structure variables among habitat types, I used single-factor ANOVAs. Site configuration 
variables did not significantly differ among habitat types (Table 1.1). Woodland structure 
variables did not significantly differ between native pecan groves and conventional pecan 
orchards, but did between mesquite-juniper woodlands and the two pecan habitat types 
for most variables (Table 1.1). Because these variables were perfectly colinear with 
habitat type for mesquite-juniper woodlands, I excluded mesquite-juniper woodlands 
from further analyses in order to examine the effects of woodland structure on bat 
distribution within the pecan agroecosystem alone. An additional conventionally 
managed orchard, consisting of large old pecan trees, was included in the linear models to 
further elucidate structural influences. This site was not included in the formal habitat 
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analysis because orchards of this age/structure are rare and, therefore, not representative 
of a typical conventional orchard.  
To test for differences in roost preferences between bat species, characteristics 
(tree height, tree DBH, roost height, and canopy cover) of roosts located with 
radiotelemetry were summarized and analyzed with linear mixed-effects models. 
‘Individual bat’ was included as a random effect to account for multiple roosts being used 
by each tracked bat. 
In 2008, I used acoustic data recorded in multiple sub-sites to assess potential 
heterogeneity within the sites and to determine stationary locations for detectors in 
subsequent years. To do this, I used a linear mixed-effects model with ‘Site’ as the 
random effect and tested for the effect of river proximity on bat activity. To evaluate 
temporal patterns in overall bat activity within each habitat type for 2009 and 2010, I 
used a linear mixed-effects model and included a habitat by month interaction term. The 
overall effect of each fixed factor was calculated using a standard ANOVA table from the 
mixed model. To test for differences at each time point, I reiteratively ran the model with 
a different month as the reference level each time. By accounting for this temporal 
variation, I was able to explore how the relative importance of each habitat for bats 
changed over the season. All acoustic data were log transformed. 
 
Model and Variable Selection. I initially tested all models by including every biologically 
relevant predictor variable and interaction term, then successively eliminating variables 
using a combination of strategies. To reduce colinearity between predictor variables, I 
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used Spearman rank correlation matrices to select variables prior to running each model. 
Spearman rank correlation coefficients were used because they make no assumptions 
about linearity between variables (Zar 1996; Zuur et al. 2009). For any pairs of variables 
with correlation coefficients greater than ± 0.5, I selected the variable with the highest 
correlation to the response variable and eliminated the others from further analyses 
(Booth et al. 1994; Zuur et al. 2009). With the remaining variables, I calculated variance 
inflation factors (VIFs) with a cutoff of 5 to provide additional support that colinearity 
was no longer an issue. To reduce each full model, I used a combination of drop one 
(drop all possible single terms for a model) and manual variable elimination using 
significance values. Alternative models were fit to the data and ranked by second order 
Akaike Information Criterion (AICc) scores. The model with the lowest AICc score was 
considered to be the best model. The difference between each alternative model and the 
model with the lowest AICc score (Δi) was also calculated and models with Δi  ≤ 2 were 
considered equally plausible (Burnham and Anderson, 2002); in such cases, I took a 
parsimonious approach and chose the model with the fewest parameters. P-values are 
reported for fixed effects to facilitate interpretation; however, caution is advised for P-
values close to 0.05 in mixed-models due to difficulty in calculating the appropriate 
degrees of freedom (Zuur et al. 2009). 
RESULTS 
Bat Community Composition 
Over 125 total nights of mistnetting, I captured 1035 bats representing two 
families (Vespertilionidae and Molossidae) and seven species, which occur sympatrically 
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in the study area (Table 2.2). Bat species include cave myotis (Myotis velifer; 34.5%); 
eastern red bats (L. borealis; 24.3%), evening bats, (N. humeralis; 21.5%); Brazilian free-
tailed bats (T. brasiliensis; 18.0%); tri-colored bats (Perimyotis subflavus; 1.4%); silver-
haired bats (Lasionycteris noctivigans; (0.2%) and Hoary bats (Lasiurus cinereus; 0.1%). 
The latter two species were only captured on isolated occasions, likely during northward 
spring migration.  
A summary of general capture data is presented in Table 2.2. Adult sex ratios 
were female-biased for M. velifer (71.7%, χ2 = 93.01, P <0.0001) and N. humeralis 
(68.7%, χ2 = 73.84, P <0.0001). Tadarida brasiliensis (82.2%, χ2 = 59.38, P <0.0001) 
and P. subflavus (87.5%, χ2 = 1.88, P = 0.033) showed male-bias, though sample size of 
adults was extremely small for P. subflavus (8 individuals). Captures of L. borealis 
tended to have female-bias but was not significantly different from 1:1 (65.6%, χ2 = 
20.57, P = 0.077). Juvenile sex ratios were not significantly different from 1:1 except for 
M. velifer, which was female-biased (58.5%, χ2 = 126.79, P = 0.032). Adult to juvenile 
ratios were significantly different from 1:1 for L. borealis (12.7%, χ2 = 69.80, P 
<0.0001), N. humeralis (58.7%, χ2 = 175.24, P = 0.009) and T. brasiliensis (93.5%, χ2 = 
39.37, P <0.0001). 
A total of 255 bats were banded in 2008 and 2009 (Table 2.2). Only 5.9% were 
recaptured over the study period. The recapture rate was higher for N. humeralis (14.1%) 
and lower for M. velifer (1.3%) than expected by chance (χ2 = 3.51, P = 0.002). There 
was no significant difference in the recapture rate for females versus males for any of the 
species. The majority of the recaptured bats were captured in the year following the 
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summer of initial banding (85.7%) and within the same site (66.7%), though the latter 
was primarily driven by N. humeralis (81.8%, χ2 = 3.56, P <0.035). For bats recaptured 
in the following year, 50% were juveniles when banded and reproductive adults when 
recaptured. There were no recaptures in, or from bats banded in, mesquite-juniper 
woodlands. 
 
Habitat selection - Relative Bat Abundance and Diversity (mist nets) 
For the 52 mist net nights included in the analysis of habitat selection, 407 bats 
were captured across the three habitat types. Although bat species richness did not differ 
between habitat types (F = 1.44, P = 0.299), there was a significant difference in species 
composition (ANOSIM, R = 0.677, P = 0.003) and species diversity for all diversity 
indices (P <0.001; Table 2.3). Native pecan groves had significantly higher bat diversity 
than conventional orchards (P <0.008) and mesquite-juniper woodlands (P ≤0.012), but 
there was no significant difference between conventional orchards and mesquite-juniper 
woodlands (P ≥0.736).  
The top models (GLMMs) for overall and species-specific bat abundances 
included a variety of habitat, insect prey and climate predictor variables (Table 2.4). The 
best model for total bat abundance included habitat type, biomass of medium 
Lepidoptera (10-20 mm), abundance of small Lepidoptera (5-10 mm), temperature, wind 
speed and cloud cover (R2GLMM(m) = 0.68). Both conventional orchards and native pecan 
groves had higher bat captures than mesquite-juniper woodlands (P <0.002), but there 
was no difference between conventional orchards and native groves (P = 0.984; Figure 
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2.3a). When accounting for habitat differences, medium Lepidoptera biomass, 
temperature and cloud cover were positive predictors of bat abundance, while small-sized 
Lepidoptera abundance and wind speed were negative predictors.  
The most frequently captured bat species (N. humeralis, L. borealis, M. velifer 
and T. brasiliensis) showed species-specific responses to habitat type and insect variables 
(Table 2.4; Figure 2.3a). Abundance of N. humeralis was influenced by habitat type, and 
abundance of prey-sized Coleoptera and Trichoptera (5-30 mm) (R2GLMM(m) = 0.52). In 
native groves, captures were higher than mesquite-juniper woodlands (P <0.001) and 
borderline higher than conventional orchards (P = 0.062). There was also a trend for 
higher captures in conventional orchards than mesquite-juniper woodlands (P = 0.062). 
Coleoptera abundance was a positive predictor of bat abundance, while Trichoptera 
abundance was a negative predictor. The best model for Lasiurus borealis abundance 
included habitat type, biomass of large Coleoptera (20-30 mm), wind speed, and cloud 
cover (R2GLMM(m) = 0.90). Lasiurus borealis was captured more frequently in conventional 
orchards than native groves and mesquite-juniper woodlands (P <0.011), and more 
frequently in native groves than mesquite-juniper woodlands (P = 0.003). Biomass of 
large Coleoptera had a significant negative relationship with L. borealis captures. 
Although resulting in the lowest AICc score, the addition of ‘percent abundance of prey-
sized Lepidoptera’ did not significantly improve the model (Δi = 0.33) and therefore was 
not considered to be the most parsimonious; however, this parameter showed a trend 
toward a positive relationship with L. borealis abundance (P = 0.066). The best model for 
abundance of T. brasiliensis included habitat type, prey-sized Lepidoptera biomass, 
  
65 
Coleoptera abundance, Diptera abundance, and cloud cover (R2GLMM(m) = 0.97). Both 
native pecan groves and mesquite-juniper woodlands had higher T. brasiliensis captures 
than conventional orchards (P <0.001). Lepidoptera biomass, Diptera abundance and 
cloud cover were significant positive predictors and Coleoptera abundance a negative 
predictor of T. brasiliensis abundance. Abundance of M. velifer was influenced by habitat 
type, temperature, wind speed, and biomass of Lepidoptera (small and medium) and 
prey-sized Trichoptera (R2GLMM(m) = 0.54). Mesquite-juniper woodlands and native pecan 
groves both had significantly higher captures than conventional orchards (P = 0.009 and 
P = 0.024, respectively), but there was no difference between woodlands and groves (P = 
0.944). Medium Lepidoptera and Trichoptera biomass were positive predictors, while 
small Lepidoptera biomass was a negative predictor.  
 The influence of woodland structure on bat distributions within pecan habitats 
varied by species (Table 2.4). Canopy cover was positively correlated with total bat 
captures (r2 = 0.61, P = 0.013; Figure 2.4a). Tree DBH and tree density were highly 
negatively correlated (R = 0.80) and both strong predictors of N. humeralis abundance 
when tested individually (r2 = 0.78, P = 0.003 and r2 = 0.56, P = 0.033, respectively) 
(Figure 2.4b). Woodland characteristics did not predict mean abundance for L. borealis, 
M. velifer or T. brasiliensis, though L. borealis captures tended to be positively correlated 
with canopy cover (r2 = 0.46, P = 0.063). Inclusion of habitat type with canopy cover in 
the linear model for L. borealis explained a large amount of the variation when looking 
across pecan sites (r2 = 0.73, P = 0.016) and even more when including mesquite-juniper 
woodlands (r2 = 0.82, P = 0.002) (Figure 2.4c). Habitat type did not improve any of the 
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other woodland structure models within pooled native pecan groves and conventional 
orchards.  
 
Roost-use (radiotelemetry) 
Twenty-five N. humeralis, and seven L. borealis, were tracked to twenty-five and 
fifty-two roosts, respectively (Figure 2.5a). Pecan trees were the predominant roost trees 
for both species (N. humeralis: 68.0%; L. borealis: 92.3%) (Table 2.5). Pecan trees 
represented 83.3% of the roosts used by N. humeralis females, but only 28.5% of roosts 
used by male bats. Of total N. humeralis roosts, 84% were in native groves, 12% in 
conventional orchards and 4% in mesquite-juniper woodlands. Of total L. borealis roosts, 
55.8% were in native groves, 36.5% in conventional orchards and 7.7% in riparian areas. 
Bats also roosted in Texas live oak, American sycamore, American elm, honey mesquite 
and a bat house. Nycticeius humeralis was confirmed to roost in abandoned woodpecker 
holes, in cavities formed from split branches, and under loose bark of old pecan trees in 
colonies ranging from a single individual to 101 individuals. Lasiurus borealis always 
roosted in foliage, hanging from the petioles of leaves and roosted solitarily or in groups 
of up to four individuals. Nycticeius humeralis roosts were significantly higher off the 
ground (t = 5.60, P <0.001) and in trees that were taller (t = 3.42, P = 0.003) with larger 
DBH (t = 3.13, P = 0.006) than those of L. borealis. There was no difference in percent 
canopy cover between L. borealis and N. humeralis roost areas (t = 0.48, P = 0.639). 
Both species demonstrated substantial roost tree switching; L. borealis never roosted in 
the same tree on consecutive days, but exhibited high fidelity to specific roost areas 
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(Figure 2.5b,c), and although N. humeralis had short tracking duration, my data also 
indicated daily roost switching. 
 
Temporal Patterns in Bat Activity (acoustics) 
  During the summers of 2008-2010, bat detectors recorded 2,671 detector nights 
(mean of 81 nights/detector/year). The number of nights per bat detector varied slightly 
due to technical difficulties and weather. 720,236 files passed initial noise filtering and 
manual validation further reduced these to 600,205 files, hereafter referred to as ‘bat 
passes’. The number of bat passes ranged from 1 to 2,145 per night and there was 
substantial spatial and temporal variation. The effect of habitat on overall bat activity 
varied by year and over the season.  
While accounting for habitat, site and month effects, the distance from the river 
that each bat detector was located (river distance category) was found to be a significant 
predictor of overall bat activity in 2008 (F = 6.22, P = 0.003). Riparian sites (0-50 m) had 
significantly higher activity (434.68 ± 57.45) than the 75-225 m and 250-400 m distance 
categories (218.66 ± 29.09, t = 3.31, P = 0.002 and 262.88 ± 42.65, t = 3.52, P <0.001), 
but there was no difference between the 75-225 m and 250-400 m distance categories (t = 
0.20, P = 0.841). Furthermore, there was no difference in bat activity among riparian sites 
located in each habitat type (F = 0.467, P = 0.648). 
Because bat detectors were moved to sample various locations, were not all 
recording simultaneously and only recorded for a few nights each, temporal patterns of 
bat activity were not analyzed in 2008. Nearly continuous bat activity data from 
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stationary points within each site for 2009 and 2010 allowed for analysis of seasonal 
patterns. In 2009, there was a borderline significant effect of habitat type (F = 4.08, P = 
0.067) but no effect of month (F = 1.7543, P = 0.173) on bat activity. In 2010, there was 
a significant effect of habitat (F = 24.90, P < 0.001) and month (F = 16.60, P <0.0001). 
The interaction term between habitat and month was significant in both years (2009: F = 
5.69, P < 0.001; 2010: F = 11.11, P < 0.0001; Figure 2.6a,b). For both years, activity was 
higher in native pecan groves early in the season, then decreased in July and August. In 
contrast, activity in conventional orchards was low early in the season but increased 
slightly throughout the season in 2009 and dramatically in 2010 (Figure 2.6a,b). 
Mesquite-juniper woodlands showed consistently low activity in both years. During one 
night in a conventional orchard in late August 2009, there were 2,145 bat passes 
recorded, which was the single highest activity measurement for all three years. This 
night was excluded from all analyses as an outlier due to its strong influence on the 
variance for conventional orchards, but nonetheless should be noted in light of the clear 
pattern seen in August 2010. 
 
Prey Availability – nocturnal insects 
 In contrast to bat diversity, there were no significant differences between habitat 
types for insect composition (ANOSIM, R = 0.0404, P = 0.347), richness or diversity 
(Table 2.3). After accounting for climate covariates, there was no significant effect of 
habitat on total or prey-sized abundance and biomass of insects (Table 2.6). However, 
habitat type was a significant predictor in the models for abundance of total medium 
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insects, medium Lepidoptera, prey-sized Coleoptera and prey-sized Trichoptera, and for 
biomass of total small insects, prey-sized Lepidoptera, medium Lepidoptera and prey-
sized Trichoptera (Figure 2.3b). Pairwise comparisons between habitat types showed that 
native pecan groves had lower abundance and biomass of insects than conventional 
orchards for all models where habitat type was significant, and less than or equal to 
mesquite-juniper woodlands (Table 2.6). Conventional orchards had either equal or 
higher insect abundance and biomass than mesquite-juniper woodlands. Covariates had 
varying effects on each prey measure.  
 
DISCUSSION 
In this study, the community of bats within and surrounding the pecan 
agroecosystem was found to vary spatially and temporally, and to be influenced by a 
combination of habitat type, insect prey, climatic conditions, woodland structure and 
roosting opportunities. Furthermore, bat species responded differently to each of these 
variables, demonstrating the importance of species-specific conservation strategies and 
maintenance of heterogeneous habitats. Nocturnal insect communities also showed order-
specific responses and temporal variation, but appeared to be much less sensitive to 
habitat differences. 
 
Bat Community Composition 
My results demonstrate that seven species of bats use pecan agroecosystems in 
central Texas for roosting, foraging, commuting and/or stopover habitat. Lasiurus 
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cinereus, L. borealis, L. noctivigans and T. brasiliensis are migratory species that migrate 
north from northern Mexico during spring to early summer (Ammerman et al. 2012). In 
this study, L. borealis and T. brasiliensis remained in the pecan agroecosystem 
throughout the summer, while isolated captures of L. cinereus and L. noctivigans in May 
suggest that these species continued migrating or selected alternative habitats. Mark-
recapture data suggest that individuals of at least three species (N. humeralis, L. borealis 
and M. velifer) return to these pecan habitats over multiple years as reproductive adults. 
The higher recapture rate of N. humeralis supports previous studies showing high female 
philopatry in this species (Wilkinson 1992). Furthermore, captures of lactating and 
pregnant females and non-volant and volant juveniles indicate that the five most common 
species were reproductively active either within or in close proximity to the pecan study 
sites, demonstrating that this system provides suitable habitat for reproduction in these 
species. The high capture rate of male T. brasiliensis, however, suggests the presence of 
bachelor male colonies, a finding that is unusual given the prevalence of enormous 
maternity colonies across Texas (Betke et al. 2008).  
 
Habitat Selection 
The observed pattern of greater bat abundance in native pecan groves and 
conventional pecan orchards than in surrounding mesquite-juniper woodlands suggests 
that pecan agroecosystems provide an attractive and suitable habitat source for bats. Davy 
et al. (2007) similarly found that both organic and sprayed olive groves supported high 
bat activity; however, they found no differences between groves and native woodlands, 
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suggesting that while groves may serve as buffers to deforestation for bats, they do not 
serve as a hotspot for bat activity. Although conventional pecan orchards had similar 
overall bat abundance as native groves, the finding that bat species composition differed 
and bat diversity was highest in native groves, suggests that management intensity 
negatively influences habitat quality for several species of bats in this community. The 
differences in habitat type preferences among bat species demonstrate differing habitat 
requirements or possibly niche partitioning among bat species and are important aspects 
to consider when providing recommendations for multi-species landscape management in 
this system. 
Although sites were initially selected for habitat type and management intensity, 
variation among sites in woodland structural characteristics helped to elucidate more 
specific criteria used by bats during habitat selection. The finding that percent canopy 
cover within pecan sites explained variation in bat abundance, and that this relationship 
did not differ when mesquite-juniper woodlands were included in the analysis, suggests 
that bats are attracted to areas of increased canopy cover. High canopy cover may provide 
protection from predators and/or abiotic factors such as precipitation and wind, in 
addition to providing roosting opportunities for foliage roosting species (Lacki 2007). 
The preference of N. humeralis for native pecan groves seems to be primarily 
driven by the presence of larger trees, which provides this cavity roosting species with 
increased roosting opportunities (Hein et al. 2009). The strong positive relationship 
between N. humeralis and tree DBH, both within pecan sites and across all sites, and the 
finding that these bats form maternity colonies in tall, large diameter pecan trees, both 
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lend support to this argument. The negative correlation between tree density and N. 
humeralis abundance may suggest obstruction associated with vegetative clutter; 
however, because tree density was negatively correlated with tree DBH and had lower 
predictive power, this relationship was likely driven by tree DBH. Taken together, these 
results suggest that roost limitation is the primary driver of habitat selection for N. 
humeralis. Although native pecan groves almost always consist of old, mature trees, 
conventional orchards are generally characterized by young, planted, improved varieties 
of pecans and subsequently are eliminated when production quantity and quality declines 
with age (B. Ree and J. Bryd, personal communication, 2013). Thus, conservation and 
management of native groves and mature pecan trees within or surrounding conventional 
orchards are important considerations when managing these sites as habitat for N. 
humeralis.  
Lasiurus borealis was captured most frequently in conventional orchards 
followed by native groves, perhaps reflecting the high abundance of mid to low hanging 
branches, which were confirmed with radiotelemetry to provide foliage roosting 
opportunities for this species. Previous studies of roost selection by L. borealis similarly 
showed preference for roosts at mid height and in mid diameter trees (Limpert et al. 
2007; O'Keefe et al. 2009; Perry et al. 2007). Within pecan sites, there was a borderline 
significant relationship between L. borealis captures and percent canopy cover, but when 
combined with habitat type, these two variables explained 73% of the variation in capture 
rate across pecan sites. This suggests that although canopy cover is a weak driver of L. 
borealis abundance, other characteristics of conventional orchards, not quantified in the 
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present study, contribute to their attractiveness as habitat. Other studies have found L. 
borealis roost sites to have high canopy density, low ground cover and low tree density, 
but with considerable variation in these characteristics (Hutchinson and Lacki 2000; 
Limpert et al. 2007; Perry et al. 2007). There were no differences in understory structure 
between sites in my study, and I did not find an influence of tree density. Characteristics 
such as tree configuration or leaf area index, which may influence protection from 
predators and/or roost potential, could contribute to explaining these patterns and are 
worth investigating further.  
The preference of M. velifer and T. brasiliensis for native pecan groves and 
mesquite-juniper woodlands after accounting for the other covariates, suggest that these 
bat species used conventional orchards less frequently than would be expected based on 
prey availability in this habitat type. Woodland characteristics did not explain any site 
variation for either species; thus, some other component of management (e.g., pesticides, 
tilling etc.) may have led to the reduced frequency with which M. velifer and T. 
brasiliensis used this habitat. Historical pesticide use has been implicated in major 
population declines of T. brasiliensis (Ammerman et al. 2012; Clark 2001); however, the 
effects of pesticides on habitat selection by bats are not well studied. The lack of any 
associations between woodland characteristics and M. velifer or T. brasiliensis may 
reflect their roosting habits in caves and buildings rather than trees (Ammerman et al. 
2012) and suggests that their foraging behavior is not influenced by structural variables in 
this system. However, statistical power for T. brasiliensis may have been limited by its 
low capture rate overall. Tadarida brasiliensis was captured in the lowest frequency of 
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the four most common species, and in only one conventional orchard, despite the 
presence of a large bat house colony within the study area (>1,000 individuals; Braun de 
Torrez, unpublished). This species forages at high altitudes (≥15 m) and in open areas 
(Ammerman et al. 2012; McCracken et al. 2008), thus individuals in the bat house either 
foraged above the canopy, flew over the mist nets, or left the study area entirely. Species-
specific acoustic data collected below and above the canopy could elucidate this further.  
 
Prey Availability and Climate Covariates 
Despite differences in bat diversity and abundances among habitat types, the lack 
of significant differences for overall insect availability suggests that bats and insects are 
responding to different habitat selection drivers. The insect community as a whole 
appears to be less sensitive to vegetative differences and management. These differences 
are surprising due to the known (and intended) effects of pesticides on insects. It is likely 
that an analysis of species-specific patterns would show effects of pesticides on some 
insect species, but these losses are perhaps compensated for by influxes of insects from 
surrounding areas. In contrast to the diversity and abundance patterns of bats, several size 
categories of insect orders that are commonly consumed by bats (Lepidoptera, Coleoptera 
and Trichoptera) showed higher overall values in conventional pecan orchards and 
mesquite-juniper woodlands. These results indicate that bats, and particularly those 
species showing preferences for native pecan groves, are likely not selecting habitat 
based on prey availability in those sites but on other attributes. 
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After accounting for habitat type differences, temporal variation in climate and 
prey availability was found to significantly contribute to overall and species-specific bat 
abundance patterns, suggesting foraging site selection on a finer scale. The associations 
of overall bat abundance with temperature (positive), and with wind speed (negative), 
support the findings of many previous studies of bat activity patterns (e.g., Vaughan et al. 
1997; Wolcott and Vulinec 2012). The positive relationship between bat captures and 
cloud cover may be explained by increased darkness aiding in predator avoidance and/or 
decreased barometric pressure, which is often correlated with higher insect abundance 
(e.g., Paige 1995). Paige (1995) suggested that bats may be able to detect changes in 
barometric pressure while still in the roost and make foraging decisions accordingly. The 
finding that medium-sized moth biomass was a positive predictor of bat abundance 
whereas small moth abundance was a negative predictor, suggests that large moths (10-
20mm) may represent the most valuable prey source for this bat community. Moths are 
known to be a primary prey item in the diet of many bat species (Black 1974), but only a 
few studies have demonstrated a direct link between moth abundance or biomass and bat 
abundance (e.g., Armitage and Ober 2012). The cause of the negative relationship 
between small moth abundance and bat abundance observed in this study is unclear; 
however, it is possible that a higher abundance of small moths reduces the probability of 
bats encountering larger more valuable prey sources through interference with 
echolocation search calls or that small moths are correlated with some other variable not 
measured in this study.  
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The finding that different measures of prey availability influence species-specific 
bat abundance patterns is compelling and may be attributed to dietary preferences and 
handling limitations of each bat species. Beetles are known to be a primary prey item for 
N. humeralis (Carter et al. 2004; Feldhammer et al. 1995), but to my knowledge, this 
study is the first to show that Coleoptera abundance is a predictor of N. humeralis 
abundance. Trichoptera on the other hand is not frequently found in the diet of N. 
humeralis and has been found to be consumed in lower quantities than expected based on 
availability (Carter et al. 2004), perhaps explaining the negative relationship found 
between N. humeralis abundance and Trichoptera.  
The level of prey selectivity exhibited by L. borealis is not clear. These bats have 
been found to prey heavily, and possibly specialize, on moths (Clare et al. 2009; Hickey 
et al. 1996; Thomas et al. 2012), but other studies suggest that L. borealis are generalist 
predators (Ross 1961; Whitaker 1972). In the present study, the percent abundance of 
prey-sized Lepidoptera was only borderline significant in explaining variation in L. 
borealis abundance and was not included in the most parsimonious model, suggesting 
that moth availability may influence, but not be a primary driver of, habitat selection by 
this species. Biomass of 20-30 mm Coleoptera was a strong negative predictor of L. 
borealis abundance, suggesting that these bats may avoid areas dominated by large 
beetles. Although their robust jaws are typical of beetle specialists (Freeman 1981), 
dietary studies on L. borealis have found both limited evidence (Ross 1961; Whitaker 
1972) and high rates of beetle consumption (Carter et al. 2004; Feldhammer et al. 1995). 
Feldhammer et al. (1995) found that L. borealis in Illinois preys primarily on scarab 
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beetles (~25 mm), which contradicts the results of my model. However, the abundance 
data for L. borealis primarily reflects captures of juvenile bats, which are much smaller 
and may be less capable of handling large, strong prey items such as june beetles 
(Phyllophaga sp.) and click beetles (Elateridae) that made up most of this size category.  
Variation in M. velifer abundance was strongly influenced by Lepidoptera and 
Trichoptera biomass, suggesting selectivity for foraging sites based on availability of 
these insect orders. Lepidoptera has been shown to make up a large proportion of this 
generalist predator’s diet (Hayward 1970; Ross 1967), but not consistently (11.6%:(Kunz 
1974), and Trichoptera represents a very low percentage of the diet (1%: (Kunz 1974). 
However, there are limited dietary studies for M. velifer and they have all been based on 
morphological examinations of stomach contents or fecal pellets, which often 
underestimate softer-bodied prey (Clare et al. 2009). Furthermore, my results suggest that 
M. velifer selects areas consisting of high biomass of medium moths and low biomass of 
small moths. There are no dietary studies that demonstrate a specific preference for moths 
of a certain size by M. velifer, but Kunz et al. (1974) found the average length of prey 
consumed by this species to be 12 mm, which is consistent with the medium-sized 
category in this study. It is likely, based on the size of M. velifer, that medium moths 
represent a more valuable prey source for these bats than do small moths. 
Prey-sized Lepidoptera biomass was a positive predictor for T. brasiliensis 
abundance, corresponding to studies showing that this species preys heavily on moths 
from 5-25 mm in length (Lee and McCracken 2005; McCracken et al. 2008; Ross 1961, 
1967). However, the finding that Diptera and Coleoptera abundance were positive and 
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negative predictors, respectively, is surprising given previous findings of low Diptera 
consumption and high Coleoptera consumption by T. brasiliensis (Lee and McCracken 
2005; Whitaker et al. 1996). Although T. brasiliensis is also known to feed on a wide 
diversity of prey items (Lee and McCracken 2005; Whitaker et al. 1996), my results 
suggest that moths and flies may be the most important prey source for this species 
within my study area. 
 The models in this study show that specific orders and size categories of insects 
contribute to the explanation of species-specific bat abundance patterns. To my 
knowledge, these direct links have only recently been documented in the literature 
(Armitage and Ober, 2012), and never for the bat community in this study. Overall, these 
results suggest that bats do not select habitat type based on gross differences in prey 
availability, but that after accounting for preferences in habitat type, specific measures of 
prey availability influence bats on a microhabitat and/or temporal scale. It is possible that 
the negative relationships observed between bats and several insect groups indicate 
suppression of these populations by bats (Kalka et al. 2008; Williams-Guillen et al. 
2008); however, these conclusions would be greatly strengthened by evidence showing 
the specific prey items consumed by bats in these areas. 
 
Spatial and Temporal Variability in Bat Activity 
 The finding that riparian areas had significantly higher bat activity than non-
riparian sites regardless of habitat type, highlights the importance of maintaining riparian 
buffer zones for bats in this area; however, this was not entirely surprising given that 
  
79 
rivers are known hotspots for bats to forage, commute and drink (Best and Geluso 2003; 
Fenton and Barclay 1980), particularly during periods of lactation (Adams and Hayes 
2008). Streams are not only responsible for increased water availability, but also 
contribute to the formation of an assemblage of plant and insect communities quite 
distinct from communities surrounding the riparian zone.  
The temporal patterns in bat activity showing high early season activity in native 
pecan groves, high late season activity in conventional pecan orchards and relatively little 
change in activity within mesquite-juniper woodlands, suggests that the importance of 
each habitat type changes over the season. Reproductive females of N. humeralis and M. 
velifer were captured frequently within native pecan groves and adult sex ratios indicated 
female bias for these species overall; thus, the higher activity within native pecan groves 
from April to June may be partially due to female bats using these areas for maternity 
roosts and/or foraging during pregnancy and lactation, a period of increased energetic 
demand. The radiotelemetry and recapture data further support this argument by 
documenting that lactating N. humeralis females roost in large maternity colonies within 
native pecan trees during the early summer, and exhibit natal philopatry to these areas. 
The decline in activity within native groves in July and August may be partially due to 
the disassociation of these maternity colonies after the young become volant (Ammerman 
et al. 2012) and a corresponding reduction in demand for specific roost trees. Thus, the 
bats may be released from roosting constraints to pursue areas of higher prey availability. 
The large spike in activity in August within conventional orchards cannot be explained 
by the variables that I measured, and warrants further investigation. Unfortunately, 
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mistnetting and insect data were not collected in 2010, when this temporal pattern was 
most pronounced, thus I cannot draw any conclusions about bat community composition 
or prey availability within these conventional sites. Based on mistnet results in 2009, 
juvenile L. borealis dominated captures in conventional orchards later in the season. 
Several studies have found that all L. borealis individuals roosting in younger forest were 
males and juveniles (no pregnant or lactating females) (Ammerman et al. 2012; O'Keefe 
et al. 2009; Perry et al. 2007). Thus, juveniles may be dispersing into areas with higher 
roost availability or even into areas that are less preferred by adults. It is also possible 
that these orchards become more attractive due to a reduction in pesticide use at the end 
of the season when nuts have partially hardened and are less vulnerable to pests (Knutson 
and Ree 2005). For example, in 2009, the last pesticide application was July 1st (J. 
Duncan personal communication 2009), which corresponds to an increase in bat activity 
for this month. Regardless of the factors driving these habitat use patterns, accounting for 
this temporal variation is important when considering how the quality/attractiveness of 
each habitat type changes over the season for bats across the landscape. 
 
Conclusions and Conservation Implications 
 Taken together, the results of this study clearly demonstrate that native pecan 
groves and conventional pecan orchards provide attractive foraging and roosting habitat 
for bats in the semi-arid landscape of the Edwards Plateau; however, there are species-
specific differences in habitat selection due in part to differences in vegetative structure, 
and seasonal differences due to potential changes in roosting requirements and prey 
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availability. Although there were no differences in overall bat abundance between native 
pecan groves and conventional orchards, higher bat diversity and activity in native pecan 
groves during the critical reproductive months provide some evidence that increased 
management intensity reduces habitat quality for bats. Furthermore, abundance patterns 
within conventional orchards were primarily dominated by L. borealis, of which 84% 
were juveniles. Lasiurus borealis juveniles have been found to have very high mortality 
(up to 30%), due in part to flying accidents (Stangl et al. 1996), and may exhibit reduced 
habitat selectivity; thus, their presence in these orchards may not be a good indicator of 
habitat quality. 
 In San Saba County, only 1.3% of the total land area is pecan agroecosystem 
(USDA 2009), but the results of this study indicate that these areas are highly preferred 
by bats over the mesquite-juniper woodlands that dominate the county and most of the 
Edwards Plateau ecoregion. In times of drought, which are projected to further increase 
in intensity and duration in this region (Meehl et al. 2007; Seager et al. 2007; Seager and 
Vecchi 2010), bats may become increasingly more dependent upon riparian areas and the 
adjacent deciduous vegetation of pecan groves and orchards. However, conventionally 
grown pecan trees generally have a more superficial root system due to routine surface 
irrigation, lacking the deep tap root of native pecans, and thus are more susceptible to 
drought (Sparks 2002). Severe drought conditions, as witnessed in the drought of 2011-
2012, can lead to substantial pecan leaf loss, reduction in leaf function and even tree 
mortality (Rohla 2012; Smith and Huslig 1990). Since the drought, tree mortality has 
been high within conventional orchards in San Saba, with a lessor impact on native 
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groves (J. Byrd, personal communication, 2013). These shifts will likely negatively 
impact roosting opportunities for L. borealis and lead to changes in protective cover 
and/or microclimate for other bat species. Recently, the San Saba River was ranked third 
on the list of the nation’s most endangered rivers, as a result of outdated water 
management and increased drought conditions (America's Rivers 2013). Late freeze 
events and leaf out phenology shifts due to climate change (Hufkens et al. 2012; Inouye 
2000) may also disproportionately influence habitat quality in improved variety orchards 
through changes in the extent and timing of canopy cover (Sparks 2005; Wells 2008). 
Consequently, native groves may become more important for bats than conventional 
orchards with changing climate conditions in this region. From a regional perspective, the 
species composition of native pecan forests and groves has been found to favor higher 
densities of pecans as they move into more arid regions, due to their deep tap roots and 
the reduced survival of competing species (Maggio et al. 1991); thus, these habitats may 
increase in importance in more arid regions, but may be less critical in areas of the 
country where water limitation is not as severe. Conservation, regeneration and 
expansion of these native pecan groves are highly recommended, particularly in semi-arid 
to arid regions.  
 Evaluation of factors influencing habitat selection by bats within pecan 
agroecosystems is important for making sound management and conservation decisions. 
While bat houses can provide roosting opportunities for many bat species (e.g., Long et 
al. 2006), species such as N. humeralis, L. borealis, L. cinereus, P. subflavus, and 
Lasionycteris noctivigans that rely heavily or entirely upon tree cavities and foliage for 
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roosting require management of specific woodland characteristics. Maintenance of old, 
large diameter pecan trees (both live trees and snags) within and around native groves 
and conventional orchards would provide critical roosting habitat for N. humeralis. 
Increasing canopy cover in groves and orchards by minimizing branch cropping in 
conventional orchards and planting new trees in tree fall gaps within native groves may 
facilitate increased roost use by L. borealis. Although there was no direct evidence from 
my study that pesticide use negatively affected overall abundance of L. borealis in 
conventional orchards, the finding of lower activity in conventional orchards between 
April and June coincides with high pesticide use and warrants further investigation. 
Furthermore, because L. borealis roosts in the foliage of these orchards during the day, 
they are likely particularly vulnerable to disturbance by certain management activities 
(e.g., branch cropping, tilling, and fertilizer/pesticide applications with large machinery). 
Thus, future research should address bat activity patterns in relation to specific 
management events, possible pesticide residues present in bat guano/tissue, and 
reproductive success for L. borealis within conventional pecan orchards. 
 Prior to this study, there had been no documented studies of habitat use by bats in 
pecan groves and orchards. This study provides valuable insight into the diversity, 
foraging activity and habitat selection of bats in a geographically widespread and 
economically important agroecosystem. The conservation community has traditionally 
assessed the negative impacts of fragmented landscapes on wildlife, rather than 
incorporating the existing agricultural matrix into a conservation strategy for species 
within a heterogeneous landscape. This study suggests that pecan agriculture provides 
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critical woodland habitat for bats, and that these habitats can be managed to improve the 
quality for specific species. The results from this study could be incorporated into 
individual orchard management plans, organic standards plans, and conservation 
programs such as those offered by the U.S. Department of Agriculture’s Natural 
Resources Conservation Service, and the U.S. Environmental Protection Agency. The bat 
species in this study all face serious conservation concerns either regionally or nationally 
due to wind energy expansion (T. brasiliensis, L. borealis, L. cinereus, L. noctivigans and 
P. subflavus: (Arnett et al. 2008; Kunz et al. 2007), loss of roost sites (N. humeralis: 
(Whitaker et al. 2006), roost disturbances (M. velifer (Angelo 2009; O'Shea and Vaughan 
1999) and white nose syndrome (P. subflavus: (Francl et al. 2012). Furthermore, the fact 
that T. brasiliensis, L. borealis, L. cinereus and L. noctivigans all migrate across 
international borders (Mexico and Canada) introduces a suite of additional conservation 
implications. Finally, these bats may play important roles as predators of agricultural 
insect pests in the pecan agroecosystem (Brown et al. In prep); thus, the benefits they 
provide may influence landowner decision-making in regards to bat conservation. Further 
investigating this potential ecosystem service is a recommended next step. In a landscape 
where privately owned land and agriculture predominate, it is essential to incorporate 
private landowners as key players in the conservation of biodiversity, maintenance of 
open-spaces and management of critical wildlife habitat.  
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Table 2.1. Summary of site configuration and woodland structural characteristics (mean 
± SE) for each habitat type. Differences among habitat types were tested with ANOVAs 
(F-values reported with significance values:  p<0.1, * p<0.05, ** p<0.01, *** p<0.001). 
Tukey HSD pairwise comparisons between habitats: Native Pecan Groves (NPG), 
Conventional Pecan Orchards (CPO), Mesquite-Juniper Woodlands (MJW). Statistically 
significant (α = 0.05) results are in bold. Values for the additional conventional orchard 
site that is included in the pooled linear regressions are reported for comparison. 
 
 
 
 
 
  
ANOVAs Additional Site
Woodland Characteristic
Native 
Pecan 
Groves
Conventional 
Pecan 
Orchards
Mesquite-
juniper 
Woodlands
Overall 
Model
NPG-
CPO
NPG-
MJW
CPO-
MJW Old CPO
Perimeter (km) 3.79 ± 1.00 2.09 ± 0.54 2.80 ± 0.13 1.80 . . . 1.60
Area (ha) 22.80 ± 0.57 25.59 ± 12.86 40.13 ± 3.47 0.91 . . . 10.00
Average Tree DBH (cm) 68.9 ± 0.8 48.7 ± 7.9 19.2 ± 4.9 14.64** 0.115 0.003 0.027 107.5
Average Tree Height (m) 12.8 ± 1.1 15.5 ± 3.0 5.8 ± 0.3 5.00* 0.683 0.156 0.040 20.1
Canopy Cover (%) 39.3 ± 3.7 44.3 ± 8.7 19.5 ± 3.9 5.64* 0.965 0.071 0.039 65.1
Tree Density (#/ha) 49.3 ± 1.9 77.3 ± 18.2 292.7 ± 53.7 18.07** 0.790 0.002 0.003 21.9
Woody plant species 
richness 1.0 ± 0.0 1.0 ± 0.0 15.7 ± 1.5 124.8*** 1.00 <0.001 <0.001 1.0
Habitat Type Pairwise Comparisons
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Table 2.2. Summary of bat captures, sex ratios, age ratios and recaptures by species over 
three summers (2008-2010). Percentages are reported in parentheses. Statistically 
significant differences (χ2 tests) are noted with asterisks. Significance values:  p < 0.1, * 
p <0.05, ** p <0.01, *** p <0.001. 
 
 
 
 
  
AGE
Species Individuals captured
Adult             
♀
Juvenile 
♀
Adults Bands Total 
recapture
♀ 
recapture
♂ 
recapture
 ≥ 1 year 
recapture
Same site 
recapture  
Myotis     
velifer 357 (34.5) 132 (71.7)*** 93 (58.5)* 184 (51.5) 151 2 (1.3) 1 (1.1) 1 (1.7) 2 (100) 0 (0)
Lasiurus 
borealis
251 (24.3) 21 (65.6) 106 (52.7) 32 (12.7)*** 25 2 (8.0) 2 (13.3) 0 (0) 2 (100) 1 (50)
Nycticeius 
humeralis
223 (21.5) 90 (68.7)*** 31 (42.5) 131 (58.7)** 78 11 (14.1) 8 (20.5) 3 (7.7) 8 (72.7) 9 (81.8)*
Tadarida 
brasiliensis 186 (18) 31 (17.8)*** 3 (30.0) 174 (93.5)*** 0 ~ ~ ~ ~ ~
Perimyotis 
subflavus
15 (1.4) 1 (12.5)* 2 (28.6) 8 (53.3) 0 ~ ~ ~ ~ ~
Lasionycteris 
noctivigans 2 (0.2) 0 (0) ~ 2 (100) 1 0 (0) 0 (0) ~ ~ ~
Lasiurus 
cinereus
1 (0.1) 0 (0) ~ 1 (100) 0 ~ ~ ~ ~ ~
TOTAL BATS 1035 (100) 275 (51.7) 235 (52.2) 532 (51.4) 255 15 (5.9) 11 (7.5) 4 (3.4) 12 (85.7) 10 (66.7)
SPECIES COMPOSITION SEX BAND - RECAPTURE
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Table 2.3. Mean (±SE) species richness (S), Shannon-Weiner (H') diversity index and 
Simpson’s index of diversity (1-D), for bats and insects in each habitat type. Columns 
with asterisks indicate significant differences among habitat types (ANOVA, P-values 
<0.001); superscripted letters indicate significant differences for Tukey HSD pairwise 
comparisons.   
  
Habitat Type S H'** 1-D** S H' 1-D
Native pecan groves 4.33 ± 0.33 1.28 ± 0.05a 0.70 ± 0.02a 44.00 ± 2.52 2.04 ± 0.07 0.81 ± 0.01
Conventional pecan orchards 3.75 ± 0.25 1.02 ± 0.04b 0.59 ± 0.04b 37.00 ± 3.16 2.10 ± 0.02 0.82 ± 0.01
Mesquite-juniper woodlands 4.00 ± 0.00 1.05 ± 0.02b 0.57 ± 0.02b 45.33 ± 1.45 2.20 ± 0.10 0.84 ± 0.02
Bats Insects
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Table 2.4. Best models testing effects of habitat type and prey availability (generalized 
linear mixed-effects models, GLMM) and woodland structure (linear regression models, 
LM) on overall and species-specific bat abundance. Tukey’s HSD tests were used for 
pair-wise comparisons between native pecan groves (NPG), conventional pecan orchards 
(CPO) and mesquite-juniper woodlands (MJW). Parameter estimates (±SE), model error 
and model goodness of fit (R2 for LMs; R2GLMM(m) = marginal R2 for fixed-effects of 
GLMMs) are reported. 
 
Parameter Estimates      ± SE
Test 
statistic
Model 
Error R
2 
Total bat abundance
  Habitat Model (GLMM) Poisson 0.68
        Habitat: CPO-MJW 0.531 ± 0.147 3.603 <0.001 ***
        Habitat: NPG-MJW 0.508 ± 0.149 3.422 0.002 **
        Habitat: NPG-CPO -0.022 ± 0.132 -0.169 0.984
        Lepidoptera abundance (5-10mm) -1.30x10-3 ± 
6.19x10-4
-2.099 0.036 *
        Lepidoptera biomass (10-20mm) 0.391 ± 0.105 3.732 <0.001 ***
        Nightly temperature (min) 0.066 ± 0.025 2.651 0.008 **
        Wind speed (mean) -0.625 ± 0.151 -4.139 <0.001 ***
        Cloud cover (max) 0.131 ± 0.033 3.969 <0.001 ***
  Woodland Structure Model (LM)
       Canopy Cover (%) 0.297 ± 0.085 3.494 0.013 * Gaussian 0.61
Evening bat, Nycticeius humeralis
  Habitat Model (GLMM) Poisson 0.52
        Habitat: CPO-MJW 1.141 ± 0.510 2.238 0.063 
        Habitat: NPG-MJW 1.917 ± 0.442 4.337 <0.001 ***
        Habitat: NPG-CPO 0.776 ± 0.346 2.244 0.062 
        Trichoptera abundance (5-30mm) -0.015 ± 0.007 -2.147 0.032 *
        Coleoptera abundance (5-30mm) 0.016 ± 0.005 2.921 0.003 **
  Woodland Structure Model (LM)
        Tree DBH (cm) 0.082 ± 0.018 4.667 0.003 ** Gaussian 0.78
        Tree density (trees/ha) -0.05 ± 0.018 -2.759 0.033 * Gaussian 0.56
p-value
Continued
  
89 
 
Table 4. Continued
Parameter Estimates      ± SE
Test 
statistic
Model 
Error R
2 
Eastern red bat, Lasiurus borealis
  Habitat Model (GLMM) Poisson 0.90
      Habitat: CPO-MJW 1.650 ± 0.302 5.467 <0.001 ***
      Habitat: NPG-MJW 1.063 ± 0.322 3.296 0.003 **
      Habitat: NPG-CPO -0.588 ± 0.204 -2.879 0.011 *
      Coleoptera biomass (20-30mm) -3.063 ± 0.797 -3.842 <0.001 ***
      Cloud cover (max) 0.188 ± 0.051 3.655 <0.001 ***
      Wind speed (mean) -0.666 ± 0.273 -2.441 0.015 *
  Woodland Structure Models (LM)
      Habitat+Canopy Cover 10.58 0.016 * Gaussian 0.73
           Habitat: NPG-CPO -3.631 ± 1.208 -3.006 0.030 *
           Canopy Cover (%) 0.099 ± 0.043 2.329 0.067 
      Canopy Cover (%) 0.141 ± 0.062 2.277 0.063  Gaussian 0.46
Brazilian free-tailed bat, Tadarida brasiliensis
  Habitat Model (GLMM) Poisson 0.97
      Habitat: CPO-MJW -11.177 ± 3.103 -3.601 <0.001 ***
      Habitat: NPG-MJW -0.102 ± 0.499 -0.204 0.974
      Habitat: NPG-CPO 11.075 ± 3.073 3.605 <0.001 ***
      Lepidoptera biomass (5-30mm) 3.717 ± 01.053 3.531 <0.001 ***
      Coleoptera abundance (5-30mm) -0.114 ± 0.035 -3.299 <0.001 ***
      Diptera abundance (5-30mm) 1.068 ± 0.333 3.208 0.001 **
      Cloud cover (max) 0.516 ± 0.223 2.315 0.021 *
  Woodland Structure Model (LM)
      None N/A N/A N/A
Cave myotis, Myotis velifer
  Habitat Model (GLMM) Poisson 0.54
      Habitat: CPO-MJW -0.810 ± 0.277 -2.929 0.009 **
      Habitat: NPG-MJW -0.073 ± 0.225 -0.324 0.944
      Habitat: NPG-CPO 0.738 ± 0.282 2.619 0.024 *
      Lepidoptera biomass (10-20mm) 1.055 ± 0.198 5.334 <0.001 ***
      Lepidoptera biomass (5-10mm) -2.732 ± 0.715 -3.82 <0.001 ***
      Trichoptera biomass (5-30mm) 10.093 ± 3.516 2.871 0.004 **
      Nightly temperature (min) 0.150 ± 0.042 3.602 <0.001 ***
      Wind speed (mean) -1.010 ± 0.243 -4.162 <0.001 ***
  Woodland Structure Model (LM)
      None N/A N/A N/A N/A
p-value
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Table 2.5.  Summary of roost sites located with radiotelemetry for Lasiurus borealis and 
Nycticeius humeralis. Means (± SE) for roosts are reported. Asterisks indicate significant 
differences between species for that variable (Significance values: p<0.1, * p<0.05, ** 
p<0.01, *** p<0.001).  
  
Characteristics Evening bats               Nycticeius humeralis
Eastern red bat                
Lasiurus borealis
# Bats 25 7
# Roosts 25 52
Tree Species 17 Pecan trees                          Carya illinoinensis
48 Pecan trees                           
Carya illinoinensis
5 Texas live oaks            
Quercus fusiformis
2 American sycamore 
Platanus occidentalis
1 Honey mesquite       
Prosopis glandulosa 
1 American elm                     
Ulmus americana
2 Bat houses 1 Unknown
Roost Types
Abandoned woodpecker 
holes, in cavities formed 
from split branches, and 
under loose bark in both 
live trees and snags
Foliage roosts: hanging 
from petioles
Colony Size range 1 - 101 1 - 4
Roost Height (m) 13.93 ± 2.48 *** 5.52 ± 0.30
Tree DBH (cm) 88.11 ± 6.13 ** 58.09 ± 4.42
Tree Height (m) 22.50 ± 1.84 ** 15.95 ± 0.85
Canopy Cover (%) 47.97 ± 5.05 43.44 ± 2.31
Bat Species
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Table 2.6. Best models testing effects of habitat type and climate covariates (linear 
mixed-effects models, LMM) on prey insect availability (insect orders constituting > 
90% of total). Lepidoptera, the dominant insect order (> 50%) and a primary prey source, 
is divided into small (5-10 mm) and medium (10-20 mm). Response variables were Ln-
transformed unless otherwise noted. Tukey’s HSD tests were used for pair-wise 
comparisons between native pecan groves (NPG), conventional pecan orchards (CPO) 
and mesquite-juniper woodlands (MJW). Parameter estimates (±SE), model error and 
model goodness of fit (R2GLMM(m) = marginal R2 for fixed-effects) are reported. Significant 
predictor variables are in bold (P-values:  p<0.1, * p<0.05, ** p<0.01, *** p<0.001).  
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Figure 2.1. Illustration of habitat types and management continuum in the Edward’s 
Plateau ecoregion of Texas, based on literature and personal observation. Arrows show 
general trajectory of conversion from native pecan forests to conventional pecan 
orchards. Management practices are used in both pecan systems, but native pecan groves 
generally have much lower chemical and mechanical inputs than conventional orchards.  
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Figure 2.2. Total U.S. pecan area in 2007 (just over 220,000 ha), modified from United 
States Department of Agricultural, National Agricultural Statistics Service (USDA 2009). 
Each dot represents 121 hectares. Rectangle indicates study area in Edward’s Plateau 
ecoregion, San Saba County. The images depict the three habitat types compared in the 
study area: 1) native pecan groves (organically grown), 2) conventional pecan orchards 
(chemical inputs) and 3) mesquite-juniper woodlands (dominant vegetation type). Further 
description of the vegetation and management is provided in the text. 
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Figure 2.3. Mean overall abundance (dashed error bars: ± SE) and taxon-specific 
abundances (solid error bars: ± SE) across habitat types in 2008 and 2009 for: (a) BATS 
and (b) PREY-SIZED INSECTS (5-30 mm). Letters represent significant differences 
among habitat types (α = 0.05; * indicates P<0.1). Full statistical analyses for habitat 
differences are reported in Tables 4 (Bats) and 6 (Insects). Lepidoptera, the dominant 
insect order (> 50%) and a primary prey source for bats, is divided and shown here as 
small (5-10 mm) and medium (10-20 mm). The category “other” represents insect orders 
constituting < 10% of total prey-sized insect abundances (e.g., Diptera, Hymenoptera, 
Homoptera, Neuroptera, Ephemeroptera and Lepidoptera large (20-30 mm)).  
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Figure 2.4. Linear regressions between woodland characteristics and bat abundances. 
Each point represents the mean number of bats per night at each site (± SE) over multiple 
sampling events between 2008 and 2009. Linear relationships are shown using a solid 
line across pecan sites, a dotted line across all sites and a dashed line across conventional 
orchards for (a) total bats vs. percent canopy cover  (b) Nycticeius humeralis vs. tree 
diameter at breast height (DBH) and (c) Lasiurus borealis vs. percent canopy cover.  
  
97 
 
 
Figure 2.5. Satellite images with GPS coordinates located via radiotelemetry of (a) all 
day-roost trees for Lasiurus borealis (solid white marker) and Nycticeius humeralis 
(white and black marker), (b) roosting areas of three L. borealis individuals and (c) 
zoomed in roosting area of one L. borealis individual showing the chronology of roost 
tree switching over 13 days. Each marker represents one day-roost tree.  
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Figure 2.6. Temporal patterns of mean bat activity (passes per night) ± SE in each habitat 
type as recorded with AnabatII acoustic detectors in (a) 2009 and (b) 2010. Note that the 
Y-axis scale differs between years. One night in August 2009 in a conventional orchard 
(2,145 bat passes) was removed as an outlier. Letters indicate significant differences 
among habitats at each time point. Dots () indicate borderline differences (p<0.1). 
Interaction terms between habitat and month were significant in both years.  
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CHAPTER 3 
TRACKING CONSUMPTION OF THE PECAN NUT CASEBEARER MOTH, 
ACROBASIS NUXVORELLA (LEPIDOPTERA: PYRALIDAE), BY AN 
ASSEMBLAGE OF INSECTIVOROUS BATS USING QPCR 
 
ABSTRACT 
The recognition of generalist predators as suppressors of herbivorous arthropods is 
increasing. While specialists are effective for biocontrol programs in monocultures, 
assemblages of native generalist predators are thought to drive pest suppression in native 
ecosystems and diverse agroecosystems due to complex food web interactions. The pecan 
agroecosystem and the pecan nut casebearer moth (PNC) comprise a tightly linked host-
parasite system native to the southern U.S. and Mexico. Without any control, PNC can 
cause nearly complete pecan nut loss. In this study, I used a qPCR fecal assay to track 
consumption of PNC moths by an assemblage of insectivorous bats in relation to seasonal 
PNC abundance patterns. The molecular techniques used in this study allowed for 
detailed investigation into the bat-PNC moth dynamics within pecan agroecosystems, 
which would not have been possible using traditional methods of dietary analysis. My 
results indicate that PNC moths were consumed by five species of bats: Tadarida 
brasiliensis, Myotis velifer, Nycticeius humeralis, Lasiurus borealis and Perimyotis 
subflavus. Eastern red bats, L. borealis, had the highest frequency of PNC presence and 
number of PNC gene copies in fecal samples, suggesting greater predation on PNC moths 
by this bat. Foraging and roosting behaviors of L. borealis may lead to increased contact 
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with PNC relative to the other bat species sampled. Seasonally, consumption was 
concentrated around peaks in PNC activity; however, PNC abundance estimated with 
pheromone traps did not correspond to consumption of PNC by bats. PNC abundance 
estimated with black light traps, however, was positively associated with PNC 
consumption, suggesting that these traps better represent PNC moth availability to bats. 
The results of this study, demonstrating variation in PNC predation among species and 
seasonally, illustrate the importance of encouraging bat diversity in pecan 
agroecosystems to facilitate this ecosystem service. Species-specific strategies for 
conservation of bat habitat in these landscapes are recommended. 
 
INTRODUCTION 
Herbivorous arthropods pose a serious threat to agroecosystems, reducing crop 
yields 25-50% worldwide (Pimentel et al. 1978; Pimentel et al. 1991). The disruption of 
predator-prey relationships in agricultural landscapes, through the loss of natural 
enemies, may lead to episodic outbreaks of destructive insect pests (Symondson et al. 
2002b). Research has often focused on specialist predators and parasitoids as critical 
agents of biological control, in part due to the relative ease of parameterization of such 
systems in theoretical models (Debach 1991); more recently, however, there has been 
renewed interest in the background-level control provided by assemblages of native 
generalist predators and the potential for exploitation of these assemblages as one of 
several natural regulatory mechanisms for controlling pest populations (Symondson et al. 
2002b). Whereas control of exotic insect pests on crops in intensively managed 
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monocultures is primarily due to specialists (most often parasitoids), effective control of 
native herbivores on native plants in more species-rich areas is more frequently due to 
assemblages of native generalist predators and the multiple resulting links in more 
complex food webs (Hawkins et al. 1999). Additionally, generalist predators may: 1) 
suppress pest populations before specialists can build up their numbers, which may 
prevent or delay the rapid increase that leads to an outbreak (Chiverton 1986; Landis and 
van der Werf 1997; Wiedenmann and Smith 1997); 2) respond quickly to invasive pests 
at the expanding edge of their ranges or prevent establishment in new areas (Cook et al. 
1995; Ehler 1998); or 3) delay the evolution of pest resistance to transgenic crops and 
pesticides (resistance breaking) (Federico et al. 2008; Symondson et al. 2002b). 
Generalists can also complement specialist predators by facilitating accessibility of prey 
to specialists (e.g., disrupting prey aggregations, changing behavior of prey), transmitting 
pathogens and maintaining pest populations at low numbers once reduced by specialists 
(Symondson et al. 2002b). Predatory arthropods and birds are widely acknowledged as 
providers of ecosystem services through consumption of insect pests and are often 
exploited for biocontrol through incorporation into integrated pest management programs 
designed to reduce pesticide use (see reviews: (Bianchi et al. 2006; Symondson et al. 
2002b; Whelan et al. 2008). Furthermore, the diversity and functional richness of the 
natural enemy assemblage of invertebrate (e.g., Cardinale et al. 2002; Cardinale et al. 
2003) and bird predators (Philpott et al. 2009; Van Bael et al. 2008) have been 
demonstrated to be associated with enhanced pest suppression services in 
agroecosystems. In contrast, relatively little is known about the role of insectivorous bats 
  
102 
in pest suppression services, but this question has recently been gaining much more 
attention (Cleveland et al. 2006; Ghanem and Voigt 2012; Kalka et al. 2008; Kunz et al. 
2011; McCracken et al. 2012; Williams-Guillen et al. 2008). 
While bats are commonly recognized for their voracious appetites for insects 
(Constantine 1970; Tuttle 2005), little is known about specific prey items in their diet, let 
alone their role in suppressing arthropod populations. With some exceptions, 
insectivorous bats are considered to be generalist predators that feed opportunistically on 
appropriately sized prey in relation to its availability within a preferred habitat (Anthony 
and Kunz 1977; Barclay and Brigham 1994; Belwood and Fenton 1976; Fenton and 
Morris 1976). Most studies, however, have relied on traditional dietary analysis methods, 
which typically identify arthropod fragments found in feces or stomach contents to the 
ordinal or familial level (Anthony and Kunz 1977; Coutts et al. 1973; Kunz 1974; Kurta 
and Whitaker Jr 1998; Whitaker 1988). Although various agricultural insect pests have 
been found in the diets of bats using these techniques, inferences have largely been 
restricted to hard-bodied insects, which remain partially undigested. Recently, molecular 
methods have been developed to detect and identify insects within bat guano using a 
small portion (~200 base pairs or less) of the cytochrome oxidase c subunit 1 (COI) gene 
(Ball et al. 2005; Bohmann et al. 2011; Clare et al. 2009; Hebert et al. 2003; McCracken 
et al. 2012). This is a shorter sequence than is typically used in so called “DNA 
barcoding” (Hebert et al. 2003) due to the highly fragmented DNA remaining in feces 
after the digestive process. This approach has dramatically improved our ability to 
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characterize the diets of bats with better taxonomic precision, especially for soft-bodied 
insects such as moths. 
A challenge to understanding bat-insect trophic interactions and pest suppression 
services is the temporal, spatial and taxonomic variation in diet. Studies have shown 
variation in bat diets by time of night (Lee and McCracken 2005; Whitaker et al. 1996), 
season (Anthony and Kunz 1977; Brack and LaVal 1985; Whitaker and Clem 1992), year 
(Adams 1997; Kurta and Whitaker Jr 1998), and age class (Adams 1996; Hamilton and 
Barclay 1998). Variation also exists between sympatric species and geographically within 
a given species (Belwood and Fenton 1976; Kurta and Whitaker Jr 1998; Murray and 
Kurta 2002; Saunders and Barclay 1992). These studies demonstrate general patterns of 
variation in the insect composition of bat diets within and among bat species and local 
habitats, but more detailed analyses of changes in the consumption of specific insect 
species has only recently become possible (e.g., Clare et al. 2011).   
Pecans, Carya illinoinensis (Wang), K. Koch (Fagales: Juglandaceae) are native to 
alluvial floodplain forests in the U.S. and Mexico and are currently cultivated across 14 
U.S. states. Economically important both for local farmers and for national and 
international export (Hadjigeorgalis et al. 2005), the pecan agroecosystem covers just 
over 220,000 ha in the U.S., putting pecans 4th highest in land area within the USDA 
category of fruit, tree nuts, berries and nursery/greenhouse crops (behind grapes, almonds 
and oranges, but ahead of crops such as walnuts, apples, peaches, avocados and 
tomatoes) (USDA 2009). Accounting for more than 80% of the world’s pecans, the U.S. 
crop is valued at over $270 million annually (USDA 2009). See Chapter 2 for more 
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details about the pecan agroecosystem. The pecan nut casebearer (PNC) moth, Acrobasis 
nuxvorella Neunzig (Lepidoptera: Pyralidae), a small (8-10mm), nocturnal insect, is the 
most devastating pest of pecan nuts (Aguirre and Corrales 1988; Ring and Harris 1984), 
damaging up to 93% (Bilsing 1926) of the crop. Damage is typically controlled through 
the application of various synthetic insecticides that target the larval stage immediately 
prior to nut entry (Harris 1983). A native pest, PNC is monophagous and its life cycle 
depends entirely on the pecan tree. Even as cultivation has expanded beyond the historic 
range of pecan trees, PNC has closely followed this new distribution (Hartfield et al. 
2011). A multivoltine insect, two to four generations of larvae feed on pecan nuts during 
each growing season and the final generation overwinters as immature larvae in pecan 
shoots (Bilsing 1926). Female moths lay 150-200 eggs (Bilsing 1927), allocating just one 
egg per nut cluster (Aguirre et al. 1995); each larva bores into as many as five nuts during 
the first generation, whereas second and third generation larvae need only one or two 
when nuts are larger later in the season (Neunzig 1972). Therefore, each female moth has 
the potential to destroy 400-1000 pecan nuts, though predators and abiotic factors 
affecting egg and larval mortality likely greatly reduce this number. Adult moths, present 
in the orchards for several weeks during each generation, are exclusively nocturnal 
(Stevenson and Harris 2009). It has been postulated that insectivorous bats, nocturnal 
aerial predators, may be important in suppressing these moth populations (Brown 2010; 
Kiser 2000).  
Brazilian free-tailed bats, Tadarida brasiliensis, are known to forage over agricultural 
fields and to be significant predators of corn earworm moths (Helicoverpa zea; 
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Noctuidae, also known as cotton bollworm) (Cleveland et al. 2006; McCracken et al. 
2012). They are the most common bat species in Texas, famously congregating in 
colonies numbering in the millions (Betke et al. 2008); they are also easily attracted to 
artificial roosts (Ammerman et al. 2012). A companion study conducted in the pecan 
agroecosystem documented low rates of PNC consumption (1.4% of fecal samples 
contained PNC) by T. brasiliensis occupying bat houses (Brown 2010). This finding may 
reflect dispersal of the colony away from the roost for foraging, such that few individuals 
remain to forage within a pecan orchard equipped with an artificial roost; in fact, 
observations and thermal imaging recordings suggest that many T. brasiliensis leave 
orchards after nightly emergence (unpublished data). Based on research demonstrating 
high bat activity in the pecan agroecosystem by species other than T. brasiliensis 
(Chapter 2), documentation of PNC consumption across multiple bat species may reveal 
more realistic estimates of the pest suppression service provided by bats in this system.  
In this study, I used PNC-specific oligonucleotide primers and quantitative 
polymerase chain reaction (qPCR) analysis of fecal DNA to document species-specific 
and temporal patterns in consumption of PNC by an assemblage of generalist bat 
predators. I targeted individual bats flying below the canopy in the pecan agroecosystem 
throughout the night, since these bats were more likely to be foraging rather than just 
roosting in the vicinity. I tested the following predictions: 1) a higher PNC consumption 
rate for T. brasiliensis individuals captured while foraging than that found for roosting 
bats (Brown 2010); 2) differences in PNC consumption among bat species, with higher 
consumption rates in Lasiurus borealis and Nycticeius humeralis, two species closely 
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associated with the pecan agroecosystem (see Chapter 2); and 3) increased PNC 
consumption corresponding to peak nights of PNC abundance. I also investigated how 
PNC abundance and biomass compared to other available prey sources for bats. If pests 
constitute a substantial proportion of the total available prey, it may not be necessary for 
predators to demonstrate preference for a specific prey type in order to provide effective 
control (Murdoch et al. 1985; Symondson et al. 2002a; Symondson et al. 2002b). 
 
METHODS 
Study Site 
Study Area. This study was conducted in pecan agroecosystems in San Saba County, 
Texas, within the Edward’s Plateau Ecoregion (Griffith 2004). Nearly half of the total 
U.S. pecan land area and over half of U.S. production occurs within the state of Texas 
(Hadjigeorgalis et al. 2005; Harris 2001; USDA 2009). San Saba is the site of the first 
grafted pecans and is currently the county with the second highest number and land area 
of pecan orchards in Texas, and the 6th highest in the country (USDA 2009). Mean annual 
temperature in San Saba is 18.8°C (average low of 1°C in January to an average high of 
35°C in July and August). Mean annual precipitation is 704 mm, which is relatively 
evenly distributed throughout the year, although 27% falls during May and June and there 
is a distinctive dry period in January. The landscape is a patchwork of pecan orchards of 
varying management intensities, including conventional agricultural lands, woodland 
islands and native mesquite-juniper-live oak low woodlands. The county has 98.9% of its 
land dedicated to agriculture (primarily rangeland used for livestock); 15% of farms 
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produce pecans and 1.3% of the total land area is pecan agroecosystem (USDA 2009).  
  
Study Sites. Bats were sampled primarily within the pecan agroecosystem in two different 
habitat types: native pecan groves and conventional pecan orchards. Native groves are 
minimally managed groves of native pecan trees that have been thinned of competing tree 
species; they are organically grown with a ground cover of grasses (native and 
introduced) and wildflowers. Conventional pecan orchards consist of improved variety 
pecan trees planted in rows, with frequent pesticide/fertilizer use, soil tillage, branch 
cropping and flood irrigation. I also analyzed guano samples from a smaller number of 
bats captured in sites surrounding the pecan groves or orchards. These sites were in 
mesquite-juniper woodland, which is the dominant natural habitat type on the landscape, 
consisting of mesquite (Prosopis glandulosa), ashe juniper (Juniperus ashei), American 
elm (Ulmus americana) and a shrub/bunch grass understory. Bats from these sites were 
included for comparative purposes as PNC moths are not generally found outside of the 
pecan agroecosystem (Harris et al. 1997). 
 
Sample Collection 
Collection of feces. At each site, bats were captured in the summers of 2008 and 2009 
using two triple-high mist nets (10 m x 9 m and 10x12 m) and two ground level nets (3 m 
x9 m and 3x12 m). At each site, I selected netting locations that best represented the 
vegetation structure of the site and most effectively concealed nets from being detected 
by bats in flight. Net locations were changed for each repeat sampling event within a 
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given site. The nets were open from just before dusk (2030-2100 h) to just before dawn 
(0600-0630 h), and were monitored for captures every 15 minutes. Captured bats were 
held in clean cotton bags until processing, at which point I identified species; assessed 
sex, age and reproductive status; and measured mass and forearm length. Time of capture 
was also recorded. Fecal samples were obtained from all bats captured in mistnets by 
holding the bats in clean, cloth bags for up to three hours following capture. Samples 
were collected using flame-ethanol sterilized forceps and placed into 2 ml screw-cap 
microtubes (Sarstedt) containing silica gel desiccant (4-10 mesh, Fisher Scientific) 
(Wasser et al. 1997). Fecal samples were frozen upon return to the field station and 
stored at -20° C. 
 
Assessment of Prey Availability. To monitor emergence patterns and activity of PNC 
moths, Intercept-A pheromone traps with sticky liners and gray rubber septa lures (100 
μg 9E, 11Z-hexadecadienal and 10 μg of butylated hydroxyl toluene) were hung ~2 m off 
the ground from tree branches at each site. These traps attract male moths by releasing a 
synthetic female pheromone and are often used to monitor the phenology of PNC (Harris 
et al. 1997). Moths were counted daily, then removed and either frozen immediately for 
genetic analysis or discarded. Fresh sticky liners and pheromone lures were used in each 
generation and were replaced more frequently if contaminated with debri or insect parts. 
Because these traps have a limited effective catch area (Harris et al. 1997), I used three 
traps per site, at least 30 m apart to avoid interference, and calculated the mean and 
maximum count per night. 
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The advantage of pheromone traps is that they target only one species, which 
greatly facilitates identification and counting; however, it only provides a measure of 
relative abundance of PNC over time and between sites, but does not indicate the 
proportion of overall moth, or overall prey, availability represented by this species in the 
ecosystem on any given night. This is clearly important for determining the importance of 
PNC moths to bats as a prey source. To estimate this proportion, I used insect samples 
obtained during another component of my research (see Chapter 2) and identified the 
number of PNC moths within each sample. Relative insect abundance and biomass, as an 
index of overall prey availability, were measured simultaneously with mist netting using 
two bucket traps with 12-watt fluorescent black lights powered by 12-volt batteries 
(Bioquip). Traps were operated from 2200 h to 0200 h; captured insects were killed with 
strips of a solid insecticide (Dichlorvos). After collection into 2 oz vials, insects were 
dried in a convection oven at 60°C for ~3 days until the mass remained constant. 
Methods to assess insect composition, abundance and biomass are described in Chapter 2. 
Percent PNC abundance and biomass relative to similarly sized moths (5-20 mm body 
length), bat prey-sized moths (5-30 mm), all prey-sized insects (5-30 mm) and total insect 
catch (all sizes) were calculated for each capture night. Unfortunately, because these 
insect samples were collected as a component of another study, I did not have insect 
samples for every night when bats were captured for fecal sampling. 
 
Fecal Analysis 
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DNA Extraction from Feces. Extraction and qPCR methods closely follow those of 
McCracken et al. (2012) and Brown (2010) with minor modifications. Prior to extraction, 
silica gel desiccant was removed and fecal pellets were weighed to the nearest milligram. 
Fecal samples from individual bats varied in the number of guano pellets, thus all qPCR 
results were standardized in relation to dry mass of fecal material. DNA was extracted 
from up to 70 mg dried feces using the “maximum yield” protocol provided with 
UltraClean Soil DNA Isolation Kits (MoBio Laboratories), with incubation at 4°C for at 
least one hour, rather than the 5 minutes recommended in the protocol. To control for 
possible contamination in samples containing very low quantities of DNA (Kohn and 
Wayne 1997), a negative control of feces collected from a captive colony of big brown 
bats (Eptesicus fuscus) fed a non-moth diet was included in each batch of extractions. 
DNA was extracted from 415 samples from five species of free-ranging bats: eastern red 
bat (Lasiurus borealis), cave myotis (Myotis velifer), evening bat (Nycticeius humeralis), 
tri-colored bat (Perimyotis subflavus), and Brazilian free-tailed bat (Tadarida 
brasiliensis). Fecal samples selected for analysis were from individuals representing the 
species composition at each site and were concentrated around the three PNC emergences 
in May, July and August to enhance the probability of PNC detection; however, sampling 
also included various nights during which PNC moths were not active based on 
pheromone trap data. The number of samples analyzed on any given night ranged from 1 
to 32 depending on the number of bats captured. 
 
PNC-specific qPCR analysis. Collaborators at the University of Tennessee designed and 
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tested primers and a qPCR probe specific to PNC – Acnu CO1 F (5'- CCA TGG TGG 
AAG ATC AGT TG -3'), Acnu COI R (5'- TTT GAT CGA AAG ATA ATC CAT TTA -
3') and Acnu COI probe (5'-d FAM-TTC CTT ACA TTT AGC TGG AAT CTC CTC 
AA-BHQ-1 3') – using sequences derived from PNC moths collected in the study area 
(see Brown 2010). Because prey DNA from predator feces is highly degraded, only short 
fragments (< 300 bp) amplify consistently (King et al. 2008). Thus, primers were 
designed to yield an ~182 bp amplicon within the standard 658 bp cytochrome c oxidase 
I (COI) barcode region. Each qPCR reaction was in 25 µL total volume, containing 4 µL 
DNA extract, 1X PCR Gold buffer, 3 mM MgCl2, 0.8 mM dNTP mix, 50 ng of each 
primer (Integrated DNA Technologies), 50ng of probe (BioSearch Technologies), 5 µg 
BSA (Sigma), and 0.125 units of AmpliTaq Gold DNA polymerase (Applied 
Biosystems). All reactions were assembled under a laminar flow hood using aerosol 
resistant pipette tips. qPCR reactions were performed in a Chromo4 Real-Time PCR 
Detection System (Bio-Rad Laboratories) and analyzed using Opticon Monitor 3 
software (Bio-Rad Laboratories). The PCR amplification profile consisted of 10 min at 
95°C, followed by 42 cycles of 95°C for 30 sec and combined annealing and elongation 
at 58°C for 45 sec. Optical data were acquired following each cycle. A linear standard 
curve for quantifying the amount of PNC DNA present in samples was generated with 
each qPCR assay using a ten-fold dilution series of known gene copy numbers ranging 
from 4 copies to 4,000,000. The size standards were generated with PCR amplicons of 
genomic PNC DNA cloned into a standard vector (TOPO TA cloning kit; Invitrogen) and 
purified with the FastPlasmid mini kit (Eppendorf)(Brown 2010; McCracken et al. 2012; 
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Rinta-Kanto et al. 2005). Gene copies per fecal sample were then calculated based on the 
number of cycles required for a reaction to pass the fluorescence threshold, which was 
determined automatically by the thermocycler software to maximize the correlation 
coefficient (R2) of the standard curve for each assay. Based on the size standards, the 
lower detection limit for the assays was 40 copies per reaction. Due to the prevalence of 
false negatives in PCR of fecal samples (King et al. 2008; Taberlet et al. 1996), samples 
and negative controls (distilled water instead of template DNA) were performed in 
duplicate on all samples and estimated gene copy numbers were averaged over duplicate 
runs. Gene copy numbers were then standardized in relation to mass of fecal material. 
Using qPCR to assess diet from fecal samples should be considered only a semi-
quantitative estimate of the amount (number or biomass) of prey consumed due to the 
unpredictable effects of digestion and dietary composition differences across individuals 
(King et al. 2008; McCracken et al. 2012). 
 
Control for false positives and false negatives. To confirm that the qPCR reactions 
amplified the correct DNA sequence, amplicons from one sample per species that showed 
positive qPCR results were cloned using a TOPO TA cloning kit (Invitrogen). Cloned 
plasmids were harvested from E. coli cultures using FastPlasmid Mini Purification 
System (5 Prime) and sequenced using the standard M13R primer (5’- 
CAGGAAACAGCTATGAC-3’). Using the PNC primer pair on fecal samples from T. 
brasiliensis, Brown (2010) found that 100% of the cloned products yielded PNC gene 
sequences, which further supports the specificity of the PNC primers. Various 
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compounds in fecal material may inhibit the PCR process and/or fecal DNA may be too 
degraded for reliable amplification, raising the possibility of false negatives (Taberlet et 
al. 1999). To account for this, all fecal extractions were tested with conserved/universal 
COI primers (LCO1490: 5’-GGTCAACAAATCATAAAGATATTGG-3’ and 
HCO2198: 5’-TAAACTTCAGGGTGACCAAAAAATCA-3’), which amplify a 658bp 
fragment of the COI gene from a broad range of taxa (Folmer et al. 1994; Hebert et al. 
2003). Samples that failed to produce any product in two separate reactions were 
excluded from subsequent analyses. While this control confirms that a DNA extract 
includes amplifiable DNA, which in many cases could be that of the bat, it is possible 
that prey DNA was too degraded for amplification. Thus, my estimates of PNC 
consumption should be considered conservative. 
 
Statistical Analyses 
 Linear mixed-effects models were constructed to evaluate the factors explaining the 
frequency (presence/absence) and quantity (gene copies) of PNC in the diet of 
insectivorous bats. All statistical analyses were conducted using RStudio version 
0.97.551 (Integrated development environment for R) in conjunction with R version 3.0.2 
(R Core Team 2013). For each data set, the presence of outliers and distribution of the 
data were assessed using Cleveland dotplots, histograms and Shapiro-Wilk tests of 
normality. Frequency of occurrence was calculated as the number of positive samples 
divided by the total number of samples tested. Samples were considered positive for PNC 
if the PNC CO1 gene amplified in at least one of two qPCR reactions. Gene copy 
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numbers were averaged between the two reactions for all positive samples and 
standardized by gram of fecal material. Unless otherwise noted, all summary statistics are 
presented as the mean ± the standard error of the mean (SE).  
 Using the R functions glmer and lme in the packages lme4 (Bates et al. 2012) and 
nlme (Pinheiro et al. 2012), respectively, I fit a series of generalized linear mixed-effects 
models (GLMMs) and linear mixed-effects models (LMMs) to each dataset; this 
modeling framework accounted for multiple bats being captured on the same night and 
any inherent variation associated with that night (date modeled as a random effect). 
Presence/absence of PNC was modeled with a GLMM (with binomial distribution) and 
average gene copies per gram (natural log transformed) was modeled with a LMM 
(Gaussian distribution). All models were subject to standard model residual diagnostics. 
Parameters were estimated using maximum likelihood (ML) and Laplace approximation 
for GLMMs and restricted maximum likelihood (REML) for LMMs; ML was used for all 
model comparisons. Fixed effects included habitat type, bat species, time of capture, 
PNC abundance (pheromone), PNC abundance/biomass (black light traps), PNC 
generation, and individual bat characteristics, which are detailed in Table 3.1. A series 
of alternative models were constructed for each response variable with every possible 
combination of fixed effects. To reduce colinearity between continuous predictor 
variables, I used Spearman rank correlation matrices to select variables to include in each 
model; Spearman rank correlation coefficients were used because they make no 
assumptions about linearity between variables (Zar 1996; Zuur et al. 2009). For any pairs 
of variables with correlation coefficients greater than 0.5 (or less than -0.5), I included 
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only the variable that most improved the model (Booth et al. 1994; Zuur et al. 2009). I 
ranked models based on second order Akaike’s Information Criterion (AICc), which 
accounts for small sample sizes (Burnham and Anderson 2002). The difference between 
each alternative model and the model with the lowest AICc score (Δi) was calculated and 
models with Δi  ≤ 2 were considered equally plausible (Burnham and Anderson, 2002); in 
these cases, I took a parsimonious approach and chose the model with the fewest 
parameters. Akaike weight (ωi), to estimate the relative probability that each model was 
the best model of those considered, and ratios of Akaike weights (ER = evidence ratios), 
which indicate the likelihood of one model versus another (Burnham and Anderson 
2002), were calculated. A 95% confidence set of models was constructed for each 
dataset, which included all models necessary to reach a cumulative Akaike weight of 
0.95. Significance values are reported for fixed effects to facilitate interpretation; 
however, caution is advised for P-values close to 0.05 in mixed-models due to difficulty 
in calculating the appropriate degrees of freedom (Zuur et al. 2009). The overall effects 
of categorical variables were calculated using a standard analysis of variance table 
derived from the mixed model. All post-hoc, pairwise comparisons among levels of 
categorical variables were performed with Tukey HSD tests for multiple comparisons.  
 
RESULTS 
PNC Detection 
 Fecal samples from 415 free-ranging bats were tested for presence of PNC. 
Thirty-three samples (7.95%) did not produce any product with the universal COI 
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primers, and were thus removed from further analyses. The PNC-specific primers 
produced a product in at least one qPCR reaction in all five bat species, with an overall 
frequency of occurrence of 8.6% (33 of 382 samples) across all individuals. Sampling 
was evenly distributed across the night, and there were no differences between post-dusk 
(2000 – 0100 h) and pre-dawn (0101 – 0600 h) time periods for total guano samples 
tested (χ2 = 0.26, P = 0.611) or for percent PNC positive samples (χ2 = 0.233, P = 0.623). 
Frequency of occurrence of PNC in fecal samples ranged from 2.3% for N. humeralis to 
22.9% for L. borealis (Figure 3.1a). Due to low capture success, there were only eight 
fecal samples from P. subflavus; thus, this species was excluded from all further 
statistical analyses to avoid complications associated with low statistical power and 
unbalanced sample sizes. The GLMM with the lowest AICc score included bat species (P 
<0.001) and body mass index, BMI, (P = 0.157) as predictor variables; however, the 
probability that this was the best model was relatively low (ωi = 0.30, ER = 1.15; Table 
3.2), indicating some model uncertainty. Bat species was a significant variable in every 
model within the 95% confidence set of models, whereas the model including BMI was 
only 1.15 times more likely to be the best model. Thus, the model with bat species alone 
was considered a more parsimonious alternative, and this variable clearly represents the 
most important of those tested. After accounting for the random effect of date, Lasiurus 
borealis had a significantly higher presence of PNC in fecal samples than M. velifer (P = 
0.034) and N. humeralis (P = 0.009), and marginally higher than T. brasiliensis (P = 
0.062). No other pairwise comparisons showed significant differences between species (P 
> 0.425). Habitat type was also included as a variable in the 95% confidence set of 
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models (Table 3.2). Only bats captured in native pecan groves and conventional orchards 
had consumed PNC; relatively few individuals, however, were captured in mesquite-
juniper woodlands (n = 18). 
 Average PNC gene copy per gram of feces in qPCR positive fecal samples ranged 
from 6.14x102 to 2.08x107 across all individuals (mean ± SE = 9.92x105 ± 6.58x105, n = 
33) (Figure 3.1b). As only one sample of P. subflavus and two samples of N. humeralis 
were positive for PNC in the qPCR results, these species were excluded from further 
statistical analyses. The LMM with the lowest AICc included only bat species (P = 
0.006; Table 3.2); however, the probability that this was the best model was relatively 
low (ωi = 0.25) and only slightly better (ER = 1.19) than a model with only time of 
capture (ωi = 0.21); thus, both models were considered equally plausible. After 
accounting for the random effect of date, Lasiurus borealis had significantly higher gene 
copy numbers (1.99x106 ± 1.33x106; n = 16) than both M. velifer (9.54x104±6.80x104; n = 
9; P <0.001) and T. brasiliensis (9.05x103 ± 1.83x103; n = 5; P = 0.015), but there were 
no significant differences between M. velifer and T. brasiliensis (P >0.932). The model 
including time of capture indicated that bats captured in the post-dusk portion of the night 
(2000 – 0100 h) had higher gene copy numbers than bats captured in the pre-dawn 
period. PNC generation was included in an alternate model receiving much lower support 
(ωi = 0.11), indicating that gene copy numbers increased across the season (P = 0.035). 
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Temporal predator-prey patterns 
Male PNC moth activity peaked sharply at several time points during the study 
period, both within native pecan groves and conventional pecan orchards (Figure 3.2). 
This phenology was generally consistent across pecan sites, whereas no PNC moths were 
captured in mesquite-juniper woodlands. In 2008, a large first generation PNC emergence 
was detected with pheromone traps (Figure 3.2), but only a very small second generation 
at the end of June (maximum of three moths per trap night; not shown). Guano samples 
positive for PNC were detected only after the first PNC activity peak had subsided, 
although bat sampling during this early emergence was minimal (Table 3.3) due to low 
capture success. In 2009, three distinct generations of male PNC moths were detected, 
with peak abundance decreasing over the season. Bat consumption of PNC corresponded 
generally to the three PNC moth generations (Figure 3.2); in the GLMM model, however, 
no measure of PNC abundance using pheromone traps was found to significantly predict 
PNC consumption in individual bats (P >0.292). The percent of samples positive for 
PNC varied on a nightly basis, ranging from 4.5% to 50% across the season. The overall 
frequency of PNC consumption by bats increased in the second and third generations (P 
= 0.016) and varied by species (Table 3.3; Figure 3.2b); however, because L. borealis 
positive samples were also concentrated in the last two generations and thus exhibited 
colinearity with generation, the effect of PNC generation disappeared when included in a 
model with species (bat species: P = 0.005, PNC generation: P = 0.361). Gene copies 
per gram of fecal material showed variation by species and by date, with the highest 
values detected in the guano of L. borealis during the third PNC generation (Figure 3.3). 
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In the LMM model, PNC moth abundance as measured by pheromone traps did not 
significantly predict the number of gene copies detected in positive guano samples (P 
>0.486). Because PNC pheromone trap count did not explain any variation in 
presence/absence of PNC or number of gene copies and therefore may not be a reliable 
measure of actual PNC availability to bats, excluding nights from which no guano 
samples were positive for any species is one approach to correcting for the possibility that 
PNC moths were not available to bats on those nights. When including only nights with 
at least one fecal sample positive for PNC, the frequency of occurrence increased to 
16.2% overall and species-specific consumption ranged from 4.2% (N. humeralis) to 
30.8% (L. borealis) (Table 3.3).   
  
Relative contribution of PNC to general prey availability 
Data for black light samples were limited to 43 nights in 2009. PNC abundance 
estimates from pheromone traps and black light traps exhibited nearly opposite seasonal 
patterns, and the number of moths per hour was much higher in black light traps than 
pheromone traps within the second and third PNC generations (Figure 3.3). Furthermore, 
there was no correlation between pheromone trap catches and black light trap catches 
(Spearman rank, R = 0.03). The proportional biomass and abundance of PNC moths 
relative to different measures of overall prey availability showed substantial variation 
across the season (Figure 3.4). For example, PNC moths made up an average of 2.20 ± 
0.69% (range: 0 – 22.63%) abundance and 2.51 ± 0.86% (range: 0 – 31.67%) biomass of 
all similarly sized moths (5-20 mm). PNC moths made up a slightly higher proportional 
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biomass than abundance for all measures of prey availability (see Methods) except total 
prey-sized insects (5-30 mm), which had much lower proportional biomass (0.59 ± 
0.19%, range: 0 – 7.41%) than abundance (1.26 ± 0.45%, range: 0 – 17.9%; Figure 3.4c).  
PNC measures from black lights (Table 3.1) were highly correlated with one 
another (Spearman rank, R >0.96). Using a reduced data set comprising only nights with 
both black light data and bats tested for PNC (26 nights, 191 bats), the best GLMM 
model predicting the presence of PNC in bat guano included bat species (P = 0.003) and 
proportional abundance of PNC relative to total prey-sized insects (P = 0.043); this was 
supported with a high model probability (ωi = 0.74, ER = 2.86; Table 3.2). In the LMM 
model predicting mean PNC gene copies within positive samples, sample size was 
reduced to 19 bats for the black light trap data set. The best and most parsimonious model 
included time of capture alone (ωi = 0.38, ER = 1.19, P = 0.023). There was some 
support for a model containing proportional abundance of PNC relative to total insects in 
addition to time of capture (ωi = 0.32), but was not statistically significant (P = 0.116).  
 
DISCUSSION 
In this study, I used a qPCR approach to identify pecan nut casebearer moths, 
devastating pests of pecans, in the diets of insectivorous bats and to characterize temporal 
and species-specific patterns in consumption in relation to pest abundance patterns within 
the pecan agroecosystem. Traditional methods of dietary analysis would have been 
ineffective for detecting these small (8-10 mm), soft-bodied prey items (Clare et al. 2009; 
McCracken et al. 2012). My results clearly demonstrate that PNC moths were consumed 
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by five species of bats: Lasiurus borealis, Myotis velifer, Nycticeius humeralis, 
Perimyotis subflavus and Tadarida brasiliensis. As expected, however, both frequency of 
occurrence (presence/absence) and relative quantity (gene copies per gram) of PNC in the 
diet differed among bat species. Consumption patterns varied seasonally and in relation 
to PNC moth availability, as measured with black light traps. There was also some 
evidence that BMI of individual bats, time of capture, and habitat type where captured 
influenced the likelihood of PNC presence in the diet. Sample size differences among 
species and across nights were undoubtedly dependent on the composition of the bat 
community within the study area as well as possible differences in capture success. These 
sources of variation generate additional complexity in evaluating predator-prey 
relationships and accurately documenting ecosystem services provided by free-ranging 
mobile organisms.  
 
Pest Consumption by Brazilian free-tailed bats, Tadarida brasiliensis 
Brazilian free-tailed bats, Tadarida brasiliensis, have received considerable 
attention for the pest suppression services they provide over vast agricultural landscapes 
(e.g., Betke et al. 2008; Boyles et al. 2011; Cleveland et al. 2006; Federico et al. 2008; 
Kunz et al. 2011) and two studies have used qPCR to investigate consumption of insect 
pests by T. brasiliensis (Brown 2010; McCracken et al. 2012). Brown (2010) 
documented PNC DNA in 1.4% of the fecal samples collected from beneath a T. 
brasiliensis roost in the pecan agroecosystem. This low frequency of consumption was 
surprising based on the pest consumption rates documented in other systems; however, 
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because fecal samples were collected beneath a collective roost comprising colony 
members of unknown foraging locations, I predicted that these estimates would increase 
by targeting fecal sample collections from individual bats captured flying within the 
orchards. As predicted, my results for PNC consumption frequency in T. brasiliensis 
were higher (5.68 ± 2.47%) than those of Brown (2010), but ranges in gene copy number 
estimates were very similar (1.1x103 to 5.5x104  versus 4.40x103 to 1.33x104). 
Furthermore, estimates were still considerably lower than those found for other insect 
pests consumed by this species. Using a similar approach, McCracken et al. (2012) found 
DNA from corn earworm moths (CEW) in 34.4% of fecal samples tested from T. 
brasiliensis in south-central Texas, with gene copies ranging from 10.6x103 to 7.61x109 
(mean: 2.41x107 ± 6.40x107) per gram. These values are substantially higher than my 
overall estimates across all species (6.14x102 to 2.08x107; mean: 9.92x105 ± 6.58x105), 
but only slightly higher than estimates for L. borealis (1.82x103 to 2.08x107; mean: 
1.99x106 ± 1.33x106). The higher values may be related both to the larger size of CEW 
moths (~25 mm vs. ~10 mm) and higher concentration of CEW moths in agricultural 
fields where the bats sampled were likely foraging (up to 435 CEW moths/ trap-night 
versus a maximum of 33 PNC moths/trap-night; data from pheromone traps). Within the 
pecan agroecosystem, Brown (2010) found 5.4% of T. brasiliensis fecal pellets from bat 
houses to contain the CEW gene marker (9.33% considering sites within my study area) 
and gene copies to range from 7.6x101 to 8.0x105 per gram. Because CEW moths are not 
known to feed on pecan trees and thus are likely in low abundance in the orchards, the 
finding of higher consumption of CEW than PNC suggests that T. brasiliensis may leave 
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pecan orchards to feed in agricultural fields where CEW are more prevalent. My finding 
of relatively low PNC consumption by T. brasiliensis further supports this argument.  
 
Species-specific consumption patterns 
Differences in PNC consumption among bat species may indicate differences in 
foraging behavior and/or prey selection. Taken together, my results suggest that L. 
borealis individuals are more likely to consume PNC moths and that each individual bat 
consumes more PNC than the other four sampled bats; however insufficient sample size 
for P. subflavus as a whole and N. humeralis for positive qPCR samples, did not allow 
for statistical comparisons to be made to other species. That said, average gene copy 
numbers in L. borealis were two to three orders of magnitude higher than both N. 
humeralis and P. subflavus (1.98x106 vs. 1.21x104 and 3.27x103, respectively). The 
mechanism behind more frequent and greater consumption of PNC by L. borealis cannot 
be explicitly determined based on the data in this study, but it is likely related to one or 
both of the following hypotheses: 1) L. borealis is actively selecting PNC and/or 
similarly sized moths as prey, or 2) L. borealis is encountering PNC more frequently 
during foraging due to differences in habitat use and/or temporal foraging patterns than 
the other bat species. 
Relatively little is known about prey selectivity in bats, but it may vary both 
geographically and seasonally (Ammerman et al. 2012). Lasiurus borealis preys heavily 
on moths (Clare et al. 2009; Hickey et al. 1996; Thomas et al. 2012), and may be a 
specialist on moths similar in size to PNC (10-16 mm; (Ross 1961); other studies, 
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however, suggest that L. borealis is more of a generalist predator (Ross 1961; Whitaker 
1972). In addition, L. borealis abundance patterns within the pecan agroecosystem were 
only weakly influenced by moth abundance (see Chapter 2). Moths generally make up a 
large proportion of the diets of M. velifer (Hayward 1970; Ross 1967) and T. brasiliensis 
(Lee and McCracken 2005; McCracken et al. 2008; Ross 1961), though both species 
have also been found to feed on a wide diversity of prey items depending on availability 
(Kunz 1974; Lee and McCracken 2005; Whitaker et al. 1996). Moths were found to be 
strong predictors of abundance patterns for M. velifer and T. brasiliensis within the pecan 
agroecosystem (Chapter 2). PNC moths easily fall within the range of common prey sizes 
(5-25 mm) (Kunz 1974; Lee and McCracken 2005; McCracken et al. 2008; Ross 1961), 
and would likely be consumed by these generalist predators whenever encountered. 
Nycticeius humeralis preys heavily on beetles (Carter et al. 2004; Feldhammer et al. 
1995), and beetle abundance was found to be a strong predictor of abundance patterns for 
this species in the pecan agroecosystem (Chapter 2); thus, low PNC consumption rate for 
this species may reflect its selectivity for beetle prey. Based on these studies 
demonstrating the importance of moths in the diets of these bat species, it seems unlikely 
that differences in measured PNC consumption were due to differences in prey selection 
alone, except perhaps for N. humeralis, which consistently shows preference for beetles.  
Predator-prey interactions mediated by species-specific behavioral patterns may 
be more important drivers of PNC consumption differences than prey selection. Most of 
what is known about adult PNC behavior is based on male moth activity through 
pheromone traps, whereas little is known about female behavior. During oviposition, 
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female moths are thought to spend most of their time hovering around pecan nuts (M. 
Harris and B. Ree personal communication, 2008), depositing one egg per nut cluster 
(Aguirre et al. 1995). Both sexes exhibit cryptic behavior and short, darting flight 
(Bilsing 1926). Furthermore, although a few moths have been found up to 1 km outside 
of orchards, adult dispersal is thought to be minimal, both between trees (M. Harris 
personal communication, 2008) and between orchards (Harris et al. 1997). Based on what 
is known about flight patterns, PNC moth activity appears to be primarily within the 
canopy and around pecan nuts, resulting in relatively little exposure to aerial predators. 
Lasiurus borealis commonly roosts within the foliage of deciduous trees (e.g., Perry et al. 
2007), particularly in mature riparian forests (Limpert et al. 2007); within my study area, 
they roost predominantly in the foliage of pecan trees (see Chapter 2). In contrast, T. 
brasiliensis and M. velifer use caves and manmade structures, whereas N. humeralis 
roosts primarily in tree cavities during summer months (Ammerman et al. 2012). Using 
radiotelemetry, I have frequently found L. borealis roosting adjacent to pecan nut clusters 
(e.g., Figure 3.5). Therefore, due solely to the nature of its roosting behavior, L. borealis 
may encounter PNC moths more frequently than other bat species, which do not roost in 
such close proximity to pecan nuts. 
In Chapter 2, I show that L. borealis is in higher abundance within the pecan 
agroecosystem than in the surrounding mesquite-juniper woodlands, suggesting that these 
bats also forage preferentially in areas where PNC are present. Lasiurus borealis 
generally forages near the canopy to just above the ground within forested areas (Barbour 
and Davis 1969; Menzel et al. 2005). In contrast, T. brasiliensis did not show a 
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preference for the pecan agroecosystem (Chapter 2). This species typically forages at 
higher altitudes (15-900 m), in open areas and over long distances (Ammerman et al. 
2012; McCracken et al. 2008); thus, individuals may primarily forage above the canopy 
or outside pecan orchards resulting in little interaction with PNC moths. There were no 
significant differences between M. velifer and T. brasiliensis in likelihood of PNC 
consumption or number of gene copies, but in two M. velifer samples, gene copies 
exceeded the highest T. brasiliensis sample by 19 and 45 times, respectively, suggesting 
that this species does occasionally (or has the potential to) consume larger quantities of 
PNC moths. In contrast to the flight patterns of T. brasiliensis, M. velifer generally flies 
close to vegetation and approximately 4-12 m above the ground (Fitch et al. 1981), likely 
putting them in closer contact with PNC moths. The frequency of PNC occurrence in the 
diet was lowest in N. humeralis as compared to all other species. This finding was 
unexpected, as N. humeralis is generally abundant in the pecan agroecosystem, with 
maternity colonies often located within old pecan trees (see Chapter 2). Nycticeius 
humeralis forages frequently in riparian areas, along the edges of forests (Clem 1993; 
Duchamp et al. 2004; Menzel et al. 2005) and just above the forest canopy (Menzel et al. 
2005), and spends many hours in the roost during periods of lactation (Clem 1993; 
Wilkinson 1992). As a result of their foraging behavior, these bats may not encounter 
PNC as frequently as L. borealis. However, based on mistnet captures of N. humeralis in 
pecan groves and orchards throughout the night (Chapter 2), and observed activity around 
and below tree crowns in less cluttered habitats resembling native pecan groves (Menzel 
et al. 2005), it seems unlikely that N. humeralis has no overlap with PNC moths while 
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foraging. Thus, selectivity for beetles may be the more likely mechanism driving low 
PNC consumption in this species. 
 
Covariates 
In addition to differences in PNC consumption among bat species, there was some 
evidence of variation in PNC consumption in relation to BMI and habitat type; due to 
model uncertainty, however, and lack of consistent statistical significance, these variables 
seem to be of limited importance. A negative relationship with BMI, after accounting for 
differences in species and date, suggests that individuals in better body condition are less 
likely to consume PNC moths. Although not immediately intuitive, this may reflect a 
higher likelihood of smaller juvenile bats or bats of lower body condition foraging locally 
where the probability of encountering PNC is higher. Alternatively, bats with lower BMI 
may have consumed fewer prey items before capture, thus increasing the likelihood of 
PNC detection in fecal samples, which can be influenced by diet composition 
(McCracken et al. 2012). Although included in the top three models, habitat type was not 
a statistically significant predictor of PNC consumption. Inclusion of this parameter 
likely reflects the finding that only bats captured in native pecan groves and pecan 
orchards had consumed PNC, whereas the relatively small sample of 18 individuals from 
mesquite-juniper woodlands, while negative for PNC, did not provide sufficient statistical 
power. Nonetheless, this result is not unexpected given the absence of PNC moths 
outside of the agroecosystem (Harris et al. 1995).  
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Time of capture was a significant predictor of gene copy numbers, indicating that 
there was a higher consumption of PNC in the post-dusk period as compared to the pre-
dawn period after accounting for date. These findings are in contrast to expectations 
based on male moth activity patterns. Although male PNC moths are responsive to 
pheromones during the entire scotophase (2200-0500 h), 85% of trap captures fall 
between 0000 and 0400 h, with 75% from 0000-0200 h (Stevenson and Harris 2009), and 
peak female mate calling occurs from 0100-0300 h (Millar et al. 1996; Stevenson and 
Harris 2009). Stevenson and Harris (2009) suggest that PNC moths have evolved to be 
most active during times when bats are least active as a predator avoidance strategy, 
similar to many other species of nocturnal Lepidoptera (Fullard and Napoleone 2001). 
PNC moths are exclusively nocturnal, have ultrasound-sensitive ears to detect 
echolocating bats, and are native to the ecosystem; thus, it is highly likely that they have 
evolved to avoid bat predation through cryptic behavior and/or circadian rhythms. 
However, my findings of higher gene copies in the post-dusk period suggest that PNC 
activity may be higher in the evening than indicated by pheromone traps, perhaps due to 
non-reproductive behavior and/or female oviposition activity. Further research into 
nightly activity overlap between bats and PNC is recommended.  
 
Temporal predator-prey patterns 
Seasonally, consumption of PNC by bats occurred during all three generations of 
PNC moth activity, indicating that predation pressure by bats on PNC exists during each 
peak in adult populations. However, captures of bats between PNC generations 
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demonstrate that bats persist within the agroecosystem in the absence of PNC, likely 
preying on other insects (see also Chapter 2). This ability to keep pace with episodic pest 
eruptions yet exhibit temporal persistence between peaks increases the effectiveness of 
generalist predators as agents of insect control in agroecosystems (Symondson et al. 
2002b). The substantial variation in PNC consumption rate and quantity across the season 
and evidence of a relationship between consumption and PNC abundance (as measured 
with black light traps), are consistent with the conclusion that this bat assemblage 
consists of generalist predators that respond to increases in PNC availability through 
opportunistic predation. The observation of temporal variation in consumption by 
individual bat species is interesting and suggests that the role of each species in PNC 
suppression may change over the season. For example, positive guano samples from L. 
borealis were concentrated around the second and third PNC peaks, whereas M. velifer 
and T. brasiliensis were more often positive for PNC during the first peak. Although 
these patterns may be related to differences in sample size for each species during these 
periods, mistnet captures presumably reflect the relative abundances of bats in the area 
(also see Chapter 2), thus sample sizes across the season should similarly reflect relative 
predation pressure on PNC. 
Black light trap samples were used to estimate the proportion of total prey 
availability represented by PNC in order to understand the relative importance of this 
prey item for bats within the pecan agroecosystem. Given an a priori expectation that 
seasonal patterns in black light samples and pheromone trap catches would be strongly 
correlated, the findings of no correlation between these measures and of much higher 
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catches of PNC in black light traps were surprising. Black light traps may have a greater 
radius of attraction (~50-200 m; (Ricketts et al. 2001) than pheromone traps (~one tree, 
30m; (Harris et al. 1997), thus explaining the overall higher estimates, but this does not 
explain the different trends exhibited by the two trap types. Black light traps were 
initially used to monitor PNC population trends before the development of pheromone 
traps (Calcote et al. 1984; Ring and Harris 1983). Calcote et al. (1984) found increasing 
population density for PNC from generations one to three, consistent with my findings in 
the black light trap samples. The discrepancy between trap types could be due to sex-
specific differences in moth activity patterns or variation in responsiveness of male moths 
to pheromone traps. Pheromone traps should track fluctuations in male reproductive 
activity, whereas black light traps attract both males and females with no apparent sex-
bias (Calcote et al. 1984). The efficacy of pheromone traps has been found to decrease in 
response to increasing competition by calling females in various species of moth pests 
(Croft et al. 1986; Elkinton and Cardé 1984; Hartstack and Witz 1981; Howell 1974; 
Knight and Croft 1987), including two within the PNC family (Pyralidae) (Chilo 
suppressalis, (Kondo and Tanaka 1994; Kondo et al. 1993); Chilo partellus, (Unnithan 
and Saxena 1991). If these relationships are similar in PNC, then pheromone traps may 
not accurately track actual PNC availability to bats due to seasonal variation in female 
density and mate calling activity influencing pheromone trap capture success. This 
provides a potential explanation for the lack of association between PNC consumption 
patterns in bats and pheromone trap measures in this study. In contrast, consumption was 
positively associated with black light trap measures. Based on six years of black light trap 
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data, Calcote et al. (1984) found that male-female ratios in PNC decrease across the 
generations from 1.64 to 0.93 to 0.77; this shift in sex ratios may partially explain the 
seasonal patterns seen in my pheromone traps, with higher capture rates in the first 
generation when competition for females is high and lower capture rates when females 
outnumber males in the third generation.  
Several measures of PNC availability were considered in this study due to 
uncertainty about a bat’s perception of prey availability and what constitutes an attractive 
prey source. For example, it is unclear if bats respond more to the abundance of a prey 
source, which only reflects absolute numbers, or to biomass, which also takes into 
account the size and therefore nutritional reward of the prey. According to my estimates 
of the abundance and biomass of PNC moths relative to other insects in the pecan 
agroecosystem, PNC moths likely represented a minor component of the available prey 
for bats on most nights (<5% of insects across all measures) but a significant prey source 
on several nights when they spiked in abundance (e.g., 17.9% of prey sized insects and 
31.7% biomass of PNC-sized moths). For most measures, percent PNC abundance and 
biomass were similar, with PNC moths constituting a slightly higher biomass than 
abundance relative to similarly sized moths, prey sized moths and total insects available 
in the agroecosystem. However, relative to all available insects of the size class 
commonly consumed by bats (prey-sized, 5-30 mm), PNC constituted a lower percent 
biomass than percent abundance, indicating that PNC moths may represent a smaller per 
unit nutritional reward than other available prey. Assuming equal palatability among prey 
items and an opportunity for active prey choice (i.e., consumption is not a direct function 
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of encounter rates), generalist predators optimizing their foraging strategies would be 
expected to consume larger prey items. My results indicate that the abundance of PNC 
moths relative to other available, prey-sized insects influences the likelihood of PNC 
consumption by bats, suggesting that the frequency with which PNC moths are 
encountered during foraging is more important than the individual biomass of prey items, 
as might be expected for an opportunistic generalist predator (Symondson et al. 2002b).  
 
Conclusions and Conservation Implications 
 Documentation of PNC consumption by bats does not necessarily equate with 
pest suppression in the pecan agroecosystem. It is, however, a critical first step in 
understanding underlying predator-prey dynamics and establishing a potential economic 
valuation of this service. The potential value to pecan growers and the surrounding 
landscape is substantial through reduction in crop damage and pesticide use, respectively. 
Estimates of PNC damage in my study sites ranged from 3 to 56.8% within unsprayed 
orchards (unpublished data), and complete devastation is possible with no natural or 
chemical control (Bilsing, 1926). Based on the average number of eggs laid and nuts 
consumed by larvae (Aguirre, 1995), each female moth has the potential to damage 400-
1000 nuts, though this is likely significantly reduced by other natural predators and 
abiotic factors affecting egg and larval survival. Chemical treatments for PNC typically 
target the larval stage but also include broad-spectrum insecticides that kill insects 
indiscriminately. Conventional pecan growers, particularly those participating in 
integrated pest management programs, are encouraged to minimize pesticide applications 
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by closely monitoring moth activity with pheromone traps, and observations of 
oviposition and larval entry in order to appropriately time treatments (Knutson and Ree 
2005). Organic orchards are restricted to Bacillus thuringiensis (Bt) products, but many 
growers don’t use any treatment at all. The decision to treat an orchard for PNC is 
typically based on a damage threshold (5%), which is estimated ~12-16 days after the 
first moth is captured in pheromone traps (Knutson and Ree 2005). Pecan growers 
generally spray only for first generation larvae, occasionally the second generation, and 
very rarely for the third. In the present study, I found that bats consume PNC moths 
during each of the three generations, which occurs before pesticides are applied in 
conventional orchards and before natural enemies attack eggs and larvae in organically 
managed orchards. Thus, bat predation could benefit conventional orchards through 
reduction or elimination of pesticide use (if suppression reduces PNC damage below the 
threshold) and organic orchards through reduction in overall damage. Consumption of 
PNC by bats in the third generation when growers do not spray may reduce the larval 
populations that overwinter and cause significant damage the following spring. As 
generalist predators, bats may be only loosely coupled to the densities of their prey, 
allowing them to maintain some pest populations at a low stable equilibrium (Symondson 
et al. 2002b). Without data relating damage to bat predation, however, the overall impact 
of PNC consumption on pecans remains unknown. Studies investigating the quantitative 
impacts of bat predation on PNC and resulting larval damage are critical next steps.  
 The finding that multiple species of bats consume PNC to different degrees, and 
that the relative importance of each species may change over the season, illustrates the 
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potential importance of encouraging high bat diversity in the pecan agroecosystem 
throughout the season. Based on a higher frequency of occurrence and higher number of 
gene copies per positive sample, L. borealis (eastern red bats) appears to consume PNC 
moths more frequently and in higher quantities than other bat species in the pecan 
agroecosystem. Lasiurus borealis roosts frequently within the foliage of pecan trees and 
is associated with higher canopy cover (see Chapter 2), therefore management actions to 
improve roosting opportunities for this species may include reduced branch cropping 
within conventional orchards and increased tree planting within native groves. However, 
due to the potential adverse effects of pesticide applications while bats are roosting in 
foliage, it is recommended that conventional pecan growers leave some trees unsprayed 
so that bats can temporarily seek alternative roosting sites. In contrast to specialists, 
generalist predators may be only temporarily affected by local management events and 
can persist on a larger scale by recolonizing from adjoining habitats (Symondson et al. 
2002b). Providing a buffer area for bats during such events may facilitate their 
persistence in conventionally managed orchards and reduce any negative consequences 
associated with chemical insecticides. For further management and conservation 
recommendations regarding M. velifer, T. brasiliensis, N. humeralis and P. subflavus, 
refer to Chapter 2. Studies of the effects of bat predation on herbivore suppression in 
agricultural systems within the U.S. have focused on large, single-species bat 
aggregations (Cleveland et al. 2006; McCracken et al. 2012), and have not considered the 
potential of smaller, multi-species bat assemblages dispersed across the landscape. As 
predators and prey diversify within a system, the interaction between any particular pair 
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becomes more diffuse and difficult to quantify (Holt and H. 1994; Symondson et al. 
2002b). Although incredibly complex, understanding these multi-species, predator-prey 
interactions is an essential component in the valuation of pest suppression services within 
native ecosystems and agroecosystems. 
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Table 3.1. Explanatory variables tested with mixed-effects models to predict 
presence/absence of PNC and gene copies per gram in fecal samples of individual bats. 
Sample sizes associated with each variable are listed in terms of number of bats and 
number of nights corresponding to fecal samples. 
  
Bats Nights
Habitat type Factor 386 57
1) Native pecan groves 246 38
2) Conventional pecan orchards 122 13
3) Mesquite-juniper woodlands 18 6
Bat Species Factor 386 57
1) Eastern red bat,  Lasiurus borealis 70 20
3) Cave myotis, Myotis velifer 128 43
2) Evening bat, Nycticeius humeralis 88 34
5) Tri-colored bat, Perimyotis subflavus 8 7
4) Brazilian free-tailed bat, Tadarida brasiliensis 92 22
Time of Capture Factor 386 57
1) Post-dusk (2000 - 0100 h) 198 49
2) Pre-dawn (0101 - 0600 h) 188 39
PNC Availability (pheromone traps) PNC moth counts from pheromone traps
    Reference PNC Continuous Mean moth counts per trap from principal orchard (nightly) 365 50
    Reference PNC -1 Continuous Mean moth counts per trap from principal orchard from 
night before bat capture night 365 50
    Site specific PNC Continuous Mean moth counts per trap from site where bat was 
captured (every 2-3 nights) 279 42
    Maximum PNC Integer Maximum moth counts recorded for any trap in study area 365 50
    PNC Generation Factor Bats captured during PNC generation one, two or three 386 57
PNC Availability (black light traps) PNC moth counts and biomass from black light traps 191 26
   Total Abundance Continuous Moth abundance per trap hour 191 26
   Total Biomass Continuous Moth biomass per trap hour 191 26
   % Abundance of same-sized moths Proportion # PNC / similarly-sized moths (5-20mm) 191 26
   % Biomass of same-sized moths Proportion PNC biomass / all similarly sized moths (5-20mm) 191 26
   % Abundance of moth prey Proportion # PNC / all prey sized moths (5-30mm) 191 26
   % Biomass of moth prey Proportion PNC biomass / all prey sized moths (5-30mm) 191 26
   % Abundance of total prey Proportion # PNC / all prey sized insects (5-30mm) 191 26
   % Biomass of total prey Proportion PNC biomass / prey-sized insects (5-30mm) 191 26
   % Abundance of total insects Proportion # PNC / all insects 191 26
   % Biomass of total insects Proportion PNC biomass / all insects 191 26
Individuals Bat Characteristics
   Body Mass Index (BMI) Continuous Mass (g) / Forearm length (mm) 380 57
   Age Factor 384 57
1) Juvenile, 2) Adult 126, 258 54, 27
   Sex Factor 384 57
1) Male, 2) Female 179, 205 46, 52
   Reproductive Status Factor 386 57
1) Non-reproductive, 2) Pregnant, 3) Lactating                     
4) Post-Lactating, 5) Scrotal 
137, 56, 39, 
24, 127
39, 20, 14, 
15, 38
Sample SizeExplanatory Variable Type Description
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Table 3.2. Best models explaining the presence or absence of the PNC marker 
(generalized linear mixed-effects model) and number of PNC gene copies per gram 
(linear mixed-effects model) in bat guano. For each full and reduced (only nights with 
black light trap samples) dataset, the 95% confidence set of models is listed and ranked 
by Δi (difference between each alternative model and the model with the lowest AIC or 
AICc score) and ωi (Akaike weights). Models in bold are considered the most 
parsimonious. The “+/–” column indicates the direction of the association between the 
respective explanatory variable and the response variable; “~” indicates non-directional 
factors (e.g., bat species, habitat). P-values are listed for each variable and are shown in 
bold if significant. 
 
  
Response Variables Model Error Explanatory Variables Δi ωi ER +/–
Presence/Absence PNC (GLMM)
      Full dataset (n = 378) Binomial  Bat species+BMI 0 0.30 1.15 ~  – <0.001 0.157
 Bat species 0.31 0.26 ~ 0.001
 Bat species+BMI+Habitat 1.05 0.18 ~  – ~ 0.003 0.123 0.180
 Bat species+BMI+Time of capture 1.36 0.15 ~  – ~ – <0.001 0.160 0.401
 Null (intercept only) 11.70 0.00
      Reduced dataset (n = 191) Binomial  Bat species+PNC:prey-sized insects 0 0.74 2.86 ~ + 0.003 0.043
 Bat species 2.10 0.26 ~ 0.005
 Null (intercept only) 9.20 0.01
Gene Copies/g feces (LMM)
      Full dataset (n = 30) Gaussian* Bat species 0 0.25 1.19 ~ 0.006
Time of capture 0.28 0.21 – 0.016
Bat species+Time of capture 0.84 0.16 ~ – 0.052 0.061
Time of capture+PNC generation 1.20 0.13 – + 0.026 0.169
PNC generation 1.60 0.11 + 0.035
Bat species+PNC generation+Time of capture 2.49 0.07 ~ + – 0.005 0.192 0.209
Null (intercept only) 3.20 0.05
      Reduced dataset (n = 19) Gaussian* Time of capture 0 0.38 1.19 – 0.023
Time of capture+PNC:total insects 0.36 0.32 – + 0.030 0.116
Null (intercept only) 1.60 0.17
PNC:total insects 2.79 0.1 + 0.213
 *Natural log transformation
p-values
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Table 3.3. Frequency of PNC presence (%) in bat guano by PNC generation and bat 
species. Number of bats tested for each category are in parentheses. Final column 
represents nights with at least one sample positive for PNC in any species. 
  
2008 Total
Species Generation21 Generation21 Generation22 Generation23 ≥212positive
L.#borealis 0.02(03) 0.02(03) 33.32(21) 20.92(43) 30.82(52)
M.#velifer 7.12(14) 4.32(47) 10.52(38) 8.72(23) 15.52(58)
N.#humeralis 5.62(18) 0.02(36) 0.02(18) 7.72(13) 4.22(48)
P.#subflavus 100.02(01) 0.02(00) 0.02(03) 0.02(04) 20.02(05)
T.#brasiliensis 0.02(15) 7.42(68) 0.02(01) 0.02(08) 12.22(41)
Total 5.92(51) 4.52(154) 13.62(81) 13.22(91) 16.22(204)
2009
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Figure 3.1. Consumption of PNC moths across bat species detected with qPCR in 2008 
and 2009 for: (a) frequency of occurrence (percentage of fecal samples from which the 
PNC gene marker was amplified in at least one qPCR reaction), and (b) mean Ln-
transformed gene copies per gram of feces (± SE) for those samples testing positive for 
PNC. Sample sizes are listed below the x-axes. Letters depict significant differences 
between bat species (α=0.05;  indicates P < 0.06) as tested with: (a) generalized linear 
mixed-effects model and (b) linear mixed-effects model. Pairwise comparisons between 
species tested with Tukey HSD tests. Asterisks (*) indicate groups that were removed 
from statistical analyses due to low sample size 
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Figure 3.2. Seasonal activity patterns of male PNC moths (as measured by pheromone 
traps) and consumption of PNC (frequency) by bats in 2008 and 2009 for: (a) all bats and 
(b) each bat species. Maximum moth count per trap across sites are represented by solid 
gray bars (primary axis) and percent of guano samples positive for the PNC marker are 
represented by symbols (secondary axis) for each night. The relative size of symbols 
corresponds to number of samples tested per night, ranging from 1 to 32 (mean 7.4 ± 1.0 
samples per night for all bat species). 
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Figure 3.3. Consumption of PNC moths (gene copies per gram of feces) versus two 
measures of PNC moth activity. Number of PNC male moths captured with pheromone 
traps (grey bars) and number of PNC moths (both male and female) captured with black 
light traps (black bars) are scaled by trap hour (left axis). Mean gene copies per gram of 
feces ± SE for samples positive for PNC of each bat species is plotted for different nights 
in 2008 and 2009 (secondary axis - logarithmic scale). Symbols with no error bars 
represent single samples.  
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Figure 3.4. Relationships between the proportional biomass and abundance of PNC 
moths in relation to total prey availability in four categories: (a) PNC sized moths (5-20 
mm), (b) prey-sized moths (5-30 mm), (c) prey-sized insects (5-30 mm) and (d) total 
insects (all sizes) captured in black light traps between May and August 2009. Each point 
represents the mean value for two traps on individual sampling nights. Dotted lines have 
a slope of 1.  
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Figure 3.5. Photographs of an eastern red bat, Lasiurus borealis, in a day roost (top) and 
a night roost (bottom), next to immature pecan nuts within the foliage of pecan trees in 
the study area. Bottom photograph by John C. Abbott 
(www.abbottnaturephotography.com) 
pecans'bat'
pecans' bat'
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CHAPTER 4 
EFFECTS OF INSECTIVOROUS BATS ON PECAN NUT CASEBEARER 
MOTHS, ACROBASIS NUXVORELLA (LEPIDOPTERA: PYRALIDAE), AND 
LARVAL DAMAGE TO PECAN NUTS 
 
ABSTRACT 
Insectivorous bats are postulated to provide critical pest suppression services in 
agroecosystems. While documentation of pest consumption by bats has been increasing, 
evidence of indirect effects on crop damage is scarce. Results from dietary analyses 
indicate that pecan nut casebearer (PNC) moths, devastating pests of pecans, comprise a 
portion of the diet of five species of bats present in the pecan agroecosystem (Chapter 3), 
suggesting a role by bats in PNC suppression. However, it is unknown if predation on 
PNC translates into quantifiable downstream effects. Furthermore, predation risk, due to 
the mere presence of echolocating bats, has been shown to alter reproductive activity of 
moths, and thus may contribute to suppression of PNC populations. In this study, I used 
the natural heterogeneity of bat activity within the pecan agroecosystem to evaluate the 
relationships between insectivorous bats, PNC moths, and PNC larval damage to pecan 
nuts. General bat activity (predation risk) and foraging activity (predation) were 
monitored with AnabatII ultrasonic detectors in ten 30 m plots within organically 
managed, native pecan groves, along with crop load, PNC male moth activity, and pecan 
damage. Both general bat activity and foraging activity were negatively associated with 
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total PNC male moth captures at pheromone traps, suggesting that bat predation and 
predation risk reduce mate-seeking behavior of PNC males; however, foraging activity 
consistently exhibited a stronger relationship. Furthermore, foraging activity in the first 
half of the PNC flight period was negatively associated with pecan damage, suggesting 
that predation on PNC moths, but not predation risk, during this period led to a reduction 
in downstream larval abundance. Predation of PNC moths early in their emergence is 
suspected to maximize the suppression of larvae by minimizing the moths’ reproductive 
potential. The finding that the strength of the predator-prey interactions within pecan 
groves changed based on the nature and timing of bat activity highlights the complexities 
of predator-prey dynamics in native agroecosystems. 
 
INTRODUCTION 
Insectivorous bats are often recognized for their voracious appetites for arthropods 
and have been postulated to provide critical pest suppression services in agroecosystems 
(Kunz et al. 2011). Studies that have begun to quantify these services suggest that bats 
have an enormous impact (Boyles et al. 2011; Cleveland et al. 2006; Federico et al. 
2008); however, these estimates are based on a bottom-up approach using detailed data 
on predator-prey interactions as model parameters, and do not measure the actual 
downstream effects of bat predation on pest populations and resulting damage to crops. 
Research in the neotropics show that bats have a measureable impact on arthropod 
populations but not on crop damage in a coffee agroecosystem (Williams-Guillen et al. 
2008), and on both arthropods and damage in a lowland tropical forest (Kalka et al. 
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2008). Bats were also recently credited with suppression of mosquito populations through 
predation (Reiskind and Wund 2009). While documentation of pest consumption by bats 
has been increasing (e.g., Clare et al. 2009; McCracken et al. 2012; Whitaker 1995); and 
see: (Kunz et al. 2011), evidence of indirect impacts on crop yields is scarce. Research 
that couples quantifiable effects of bats on crop damage and yields with dietary analyses 
is needed to avoid making assumptions of impact based purely on evidence of 
consumption. The present study, which relates insectivorous bat activity to pecan nut 
damage by a moth pest consumed by bats, makes progress toward filling this gap. 
Pecan trees, Carya illinoinensis (Wang), K. Koch (Fagales: Juglandaceae) native to 
alluvial floodplains in the U.S. and Mexico, are currently cultivated across 14 U.S. states, 
and are economically important both for local farmers and for national and international 
export (Hadjigeorgalis et al. 2005). This agroecosystem covers just over 220,000 hectares 
in the U.S., putting pecans 4th highest in land area within the USDA category of fruit, tree 
nuts, berries and nursery/greenhouse crops (behind grapes, almonds and oranges and 
ahead of crops such as walnuts, apples, peaches, avocados and tomatoes) (USDA 2009). 
Producing more than 80% of the world’s pecans, the U.S. crop is valued at over $270 
million annually (USDA 2009). The pecan nut casebearer (PNC), Acrobasis nuxvorella 
Neunzig (Lepidoptera: Pyralidae), a small (~8-10 mm), monophagous, multivoltine moth, 
is arguably the most devastating pest of pecan nuts (Aguirre and Corrales 1988; Ring and 
Harris 1984), damaging up to 93% (Bilsing 1926) of the crop. Without any kind of 
control, PNC damage can approach complete devastation. Damage is typically controlled 
through applications of various synthetic insecticides targeting the larval stage 
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immediately prior to nut entry (Harris 1983). The life cycle of PNC is entirely dependent 
upon pecan trees (Figure 4.1) and as pecan cultivation has expanded, PNC has closely 
followed (Hartfield et al. 2011). Two to four generations of larvae feed on the pecan nuts 
during each growing season, depending on climatic conditions and pecan crop load, and 
the final generation overwinters as immature larvae in pecan shoots (Bilsing 1926). 
Female moths lay 150-200 eggs (Bilsing 1927), one egg per nut cluster (Aguirre et al. 
1995), and each larva bores into as many as five nuts in the first generation and two in the 
second and third generations when nuts are larger (Neunzig 1972). Consequently, each 
female moth has the potential to destroy up to 1000 individual pecan nuts, though this 
number is likely greatly reduced by egg and larval predators (for a list of natural 
arthropod enemies of PNC, see:(Ree and Knutson 2005).  
PNC moths, present in the orchards for several weeks during each generation, are 
exclusively nocturnal (Stevenson and Harris 2009), making them available prey for bats. 
Results from dietary analyses using quantitative PCR indicate that PNC moths comprise a 
portion of the diet of five bat species in the pecan agroecosystem (eastern red bats 
[Lasiurus borealis], cave myotis [Myotis velifer], evening bats [Nycticeius humeralis], 
tri-colored bats [Perimyotis subflavus] and Brazilian free-tailed bats [Tadarida 
brasiliensis]), suggesting a role by bats in pest suppression (Chapter 3). However, it is 
unknown if this predation translates to quantifiable downstream effects on the pest 
populations and on the pecan nuts that PNC larvae attack. Williams-Guillen et al. (2008) 
and Kalka et al. (2008) demonstrated the impacts of bats on herbivory in tropical systems 
using predator exclosures designed to prevent bats from feeding on insects around 
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understory plants (Kalka et al. 2008; Williams-Guillen et al. 2008). Although exclosures 
can provide a robust comparison of insect herbivory in areas with and without predators 
for many systems (e.g., birds: Greenberg et al. 2000; Johnson et al. 2010, and predaceous 
arthropods: Rosenheim et al. 1993), the pecan agroecosystem presents two significant 
challenges. First, nut bearing trees are very large (>10 m), rendering construction of 
exclosures expensive and logistically impractical. Second, the local bat assemblage 
consists of species that use an aerial hawking hunting strategy rather than gleaning 
insects from foliage. Thus, predation by bats would primarily occur outside the 
exclosures, negating a meaningful estimate of pest suppression services in this system. To 
overcome these challenges, I used a correlative approach to assess the relationships 
between predation pressure by bats, PNC moths and PNC nut damage.  
 Ultrasonic detectors are widely used to study bat foraging behavior and habitat 
associations by recording and quantifying the relative level of echolocation activity in an 
area (Murray et al. 1999; O’Farrell and Gannon 1999). Foraging behavior by bats can be 
classified into four stages: search flight (before detection of prey), approach flight 
(pursuit after detection of prey), prey capture, and prey retrieval, which correlate with the 
echolocation phases: search, approach, terminal feeding buzz, followed by a slight pause 
(Kalko 1995). Feeding buzzes have a distinctive call sequence structure characterized by 
increasing call repetition rates culminating in a rapid burst of calls as the bat attacks its 
prey (Griffin et al. 1960), and can be identified visually using spectrograms or audibly 
(Coleman and Barclay 2013; Fenton 1970). The silence between the end of the feeding 
buzz and the next search phase call corresponds to the bat attacking and, if successful, 
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consuming the prey. Consequently, the number of feeding buzzes can be used as a metric 
of predation pressure by bats in a given area. However, although duration of the silent 
period may have some association with whether an attack was successful, substantial 
variation precludes a reliable prediction of successful capture based solely on this 
parameter (Acharya and Fenton 1992; Kalko 1995). Thus, feeding buzzes should only be 
considered attempts at prey capture rather than actual consumption, though they are 
likely correlated.  
 The threat of predation by bats has led to the evolution of both physical and 
behavioral defense mechanisms in many species of nocturnal moths (Fullard and 
Napoleone 2001; Miller and Surlykke 2001; Roeder 1962). Laboratory studies have 
demonstrated that when exposed to ultrasound, several species of moths in the same 
family as PNC (Pyralidae) exhibited altered mating behavior (Acharya and McNeil 1998; 
Huang and Subramanyam 2004; Huang et al. 2003). For example, female Indian meal 
moths, Plodia interpunctella (Hübner) (Lepidoptera: Pyralidae), received fewer 
spermatophores from males, produced fewer and smaller larvae, reduced mate calling and 
reduced the length of mating time when compared to female moths not exposed to 
ultrasound (Huang and Subramanyam 2004; Huang et al. 2003). Because PNC moths, 
like all Pyralids, have tympanal hearing organs, or ‘ears’, sensitive to ultrasound (e.g., 
Heller and Krahe 1994), the presence of echolocating bats may represent sufficient 
predation risk to suppress the PNC population without, or in addition to, actual predation. 
In a small-scale field experiment, damage caused to corn by the European corn borer, 
Ostrinia nubilalis (Hbn., Pyralidae) was over 50% lower in two plots exposed to 
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ultrasound than in two control plots (Belton and Kempster 1962). However, because the 
ultrasound was broadcast continuously throughout the night, it likely represented 
unrealistically elevated levels of bat activity. Studies in other (non-bat) systems suggest 
that these trait-mediated indirect effects (from behavioral changes in prey) are similar in 
strength or stronger than traditionally recognized density-mediated indirect effects (those 
due to predation by and density of the predator) (reviewed in: (Werner and Peacor 2003).  
In this study, I used the natural heterogeneity of bat activity within the pecan 
agroecosystem to test the effects of predation pressure by insectivorous bats on PNC 
moths and PNC larval damage to pecan nuts. Although I documented consumption of 
PNC moths by five bat species (Chapter 3), estimates of low PNC biomass relative to 
other available prey-sized insects (0.59 ± 0.19%, range: 0 – 7.41%) and relatively low 
overall frequency of consumption (range in species: 2.3 – 22.9%) suggest that PNC 
moths do not represent a sufficient prey source to drive foraging decisions for these 
generalist predators. Thus, rather than a positive relationship between PNC moth captures 
and measures of bat activity as would be expected with a predator exhibiting optimal 
foraging for preferred prey (MacArthur and Pianka 1966), I expected to detect a negative 
relationship if bats suppress PNC moths. Similarly, I predicted a negative relationship 
between bat activity and PNC larval damage if bats reduce pecan damage through PNC 
suppression. To separate the relative effects of different predation pressures, I divided bat 
activity into two categories: 1) general bat activity, which consists of all bat echolocation 
activity regardless of call type and may be perceived by PNC as predation risk, and 2) 
foraging activity, which consists of feeding buzzes (actual predation attempts). I 
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hypothesized that I would detect either: 1) a stronger relationship with general bat 
activity if predation risk suppresses PNC moths and larval damage through behavioral 
changes in PNC, or 2) a stronger relationship with foraging activity if predation by bats 
primarily drives suppression of PNC moths and larval damage. 
 
METHODS 
Study Site 
Study Area - This study was conducted in native pecan groves of San Saba County, in the 
hill country of central Texas, within the Edward’s Plateau Ecoregion, 30a (Griffith 2004). 
San Saba is historically the site of the first grafted pecans and is currently the county with 
the second highest number and area of native pecan groves and conventional pecan 
orchards in Texas and the 6th highest in the country (USDA 2009). The landscape is a 
patchwork of pecan orchards of varying management intensities, conventional crop 
fields, woodland islands and native mesquite-juniper-live oak low woodlands. The county 
has 98.9% of its land dedicated to agriculture, 15% of the farms produce pecans and 1.3% 
of the total land area is pecan agroecosystem (USDA 2009).  San Saba County had a 
pecan production value of $3.9 million in 2007 (USDA 2007).  
 
Study Sites - Native pecan groves are minimally managed groves of native pecan trees 
that have been thinned of competing tree species. Ten plots, at least 200 m apart, were 
established within three native groves. Plots were chosen to be 30 m in radius based on 
approximate effective ranges of ultrasonic detectors (Titley Electronics) and insect traps 
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(Harris et al. 1997). All groves are organically managed with a ground cover of native 
and introduced grasses and wildflowers. Although abundant in the study area, 
conventional orchards were not included in this study due to the negative effect of 
pesticides on PNC larvae, which would confound the relationship between bat activity 
and nut damage by PNC. 
 
Bat Activity 
Field Recordings - Bat activity was quantified in each plot for 24 nights spanning the 
second PNC generation. Unfortunately, due to logistical and technical complications, it 
was not possible to collect bat activity data during the first PNC generation. The levels of 
general bat and foraging activity were passively monitored in each plot using one 
broadband Anabat II ultrasonic detector (division ratio 16; Titley Electronics, New South 
Wales, Australia) coupled to a zero-crossing analysis interface module (ZCAIM) that 
transforms echolocation calls into digital data. Both units were housed with a 12v battery 
inside weatherized plastic containers. High-frequency microphones were protected within 
a customized PVC contraption pointing down at a 45° plexiglass reflector plate (Messina 
2004) mounted on 4m high PVC poles. These modified ‘bat hats’ were essential for 
shielding microphones from precipitation and wind, but have been shown to reduce both 
the quantity and quality of bat calls recorded (Britzke et al. 2010); thus, estimates of bat 
activity are likely lower than actual levels. To ensure equal levels of sensitivity between 
units (Larson and Hayes 2000), all Anabat and microphone pairs were calibrated using an 
ultrasonic pest repeller (Black & Decker, Frequency: 80kHz, Amplitude: 100db) and 
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sensitivities adjusted accordingly, prior to mounting in the study sites. Detectors were set 
to record between 1900 and 0700 h each night. In the Anabat system, recording is 
automatically triggered by at least two seconds of any ultrasonic source, and a digital file 
is created after five seconds of silence or fifteen seconds of continuous recording.  
 
Acoustic Analysis - Bat call sequences were analyzed with AnalookW (v.3.8q) (Corben 
2013) for number of bat passes and number of feeding buzzes per night. Due to the 
difficulty of distinguishing multiple individuals from one individual flying repeatedly 
around a detector, both measures are considered to be only a relative index of activity 
rather than an absolute estimate of bat abundance (Thomas and LaVal. 1988). I created a 
customized filter that distinguished bat calls from non-bat ultrasonic noise such as wind, 
echoes and insects (Appendix A.2). Each file was required to contain ≥ 2 echolocation 
calls that satisfied the filter specifications in order to be included in further analyses 
(Fenton 1970; Thomas 1988). Because not all noise files were excluded using the filter, 
sites with high insect noise had artificially elevated estimates of bat activity. To correct 
this, I manually reviewed every file that passed the filter and eliminated any extraneous 
noise files. Bat passes are widely defined as at least two calls not separated by more than 
one second (Gannon et al. 2003; White and Gehrt 2001). The number of files are 
commonly used as an index of general bat activity (e.g., Britzke et al. 1999; Tibbels and 
Kurta 2003), and have been used synonymously with number of bat passes (e.g., Gruver 
2011; Jung et al. 1999; Seidman and Zabel 2001). Hereafter, files and bat passes are used 
interchangeably. 
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To estimate foraging activity, I designed an inclusive filter that selects files 
containing call sequences characteristic of feeding buzzes (increased pulse repetition rate, 
short duration, steep slope(Griffin et al. 1960)(Appendix A.2). Selected files were 
converted to audio files using Anamusic 3.4 (Corben 2000) and individually listened to, 
while simultaneously inspected visually in Analook, for the presence and number of 
feeding buzzes (Coleman and Barclay 2013). It is often difficult to distinguish between 
approach phases and feeding buzzes (Parsons et al. 1997; Weller et al. 1998) and nearly 
impossible to distinguish between bats approaching an insect from those approaching an 
obstacle (such as a roost or stationary Anabat) if it does not culminate in a feeding buzz. 
Because one of the objectives of this study was to test the effect of bat foraging on PNC 
moths, it was critical to accurately identify actual feeding attempts by bats. Therefore, I 
used a strict protocol and only included files audibly containing distinct terminal feeding 
buzzes followed by a pause, and did not attempt to classify approach phases. Due to some 
level of inherent subjectivity in call classification (Weller et al. 1998), every file selected 
by the filter was manually screened and then confirmed by two independent researchers. 
Because there were many excluded files containing call sequences that likely represented 
approach phases of bats in pursuit of prey, but which did not terminate in a distinct 
feeding buzz, estimates of foraging activity should be considered conservative.  
 
PNC and Pecans 
PNC moth activity patterns - To monitor seasonal activity patterns of PNC moths, 
Intercept-A pheromone traps with sticky liners and gray rubber septa lures (100 μg 9E, 
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11Z-hexadecadienal and 10 μg of butylated hydroxyl toluene) were hung ~2 m off the 
ground from tree branches in all plots. These traps attract mate-seeking male moths by 
releasing a synthetic female sex pheromone and are frequently used to monitor the 
phenology of PNC (Harris et al. 1997). Fresh sticky liners and pheromone lures were 
used in each generation and replaced more frequently if contaminated with insect parts or 
debri. Traps have an effective catch area of approximately one large tree canopy (Harris 
et al. 1997), which corresponds to an ~30 m radius, thus one trap was positioned in the 
center of each plot adjacent to the acoustic detector. Moths were removed and counted 
daily from April 26th to July 31st as a metric of PNC mate-seeking activity by male moths.  
 
Crop Load and Larval Damage - Percent crop load and PNC larval damage were 
measured before and after, respectively, both PNC generations. At least 200 terminal 
branches in the lower canopy (< 9 m above the ground) were randomly inspected from 
tree branches within each 30 m radius plot using a stepladder or tractor. Agricultural 
extension agents commonly sample lower branches to estimate crop load and damage for 
the full canopy (Ree 2008). Sampling was distributed as evenly as possible among trees 
and branches within each plot to account for inherent heterogeneity. Crop load was 
measured as a potential covariate influencing PNC moths and/or larval damage and was 
quantified as the percentage of terminal branches that contained a nut cluster. Damage to 
immature pecan nuts was assessed according to the life cycle of PNC. Initial larval entry 
into pecan nuts typically occurs 12-16 days after the first moth is captured in pheromone 
traps (Grantham et al. 2002; Harris et al. 1995). Therefore, I began scouting for damage 
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two weeks after the first moth captures until damage appeared to be at its maximum (~ 4-
5 weeks), at which point I estimated PNC damage for that generation. All damage 
estimates were completed within nine days for the first generation and four days for the 
second generation. Of the terminal branches containing nut clusters, at least 100 were 
closely inspected within each plot for larval entry by PNC. Damage by PNC is easily 
distinguished from other pests based on the characteristic frass at the base of the larval 
entry hole and silk webbing between nutlets (Bilsing 1926) (Figure 4.1c). Furthermore, 
second generation larval damage is distinctive from that caused by first generation larvae 
based on the larger size of the nutlets at the time of larval infestation; therefore, the 
damage from the two generations were estimated independently. Damage was quantified 
in two ways, which I will refer to as: 1) cluster damage - percentage of nut clusters that 
had at least one nut damaged and 2) nut damage – percentage of total nuts that were 
damaged. Agricultural extension units traditionally use the first method to provide PNC 
control recommendations, making the assumption that if one nut is infested, the entire 
cluster will be subsequently destroyed by that larva (Knutson and Ree 2005; Ring et al. 
1989). Because larvae often do not feed on the entire cluster, especially in later 
generations when nuts are larger (Bilsing 1926; Neunzig 1972), this method may 
overestimate damage. Other studies use nut damage (e.g., Aguirre et al. 1995; Grantham 
et al. 2002) as a more direct estimate of number of larval entries up to the time of damage 
assessment. However, if measured too early this method may miss later feeding by 
larvae, and if measured too late may miss damaged nuts that have already fallen off the 
  
157 
tree; thus, this method may underestimate damage. Having measures of both nut and 
cluster damage allows for upper and lower bounds on damage estimates. 
 
Statistical Analyses 
General - All statistical analyses were conducted using RStudio version 0.97.551 
(Integrated development environment for R) in conjunction with R version 3.0.2 (R Core 
Team 2013). Using the functions lme and glmer in the packages nlme (Pinheiro et al. 
2012) and lme4 (Bates et al. 2012), respectively, I constructed a series of linear mixed-
effects models (LMMs; Gaussian distribution) and generalized linear mixed-effects 
models (GLMMs; Poisson distribution for count data) to evaluate the effects of general 
bat activity (predation risk) and foraging activity (predation) on second generation PNC 
male moth activity and pecan nut/cluster damage. Mixed-effects models account for 
multiple observations within the same plot or pecan grove and any inherent variation 
associated with those sites. For each data set, the influence of outliers and distribution of 
data were first assessed using Cleveland dotplots, histograms and Shapiro-Wilk tests of 
normality. Any individual observations with values greater than three standard deviations 
above or below the mean for that plot were considered outliers and excluded from further 
analyses. All summary statistics are presented as the mean ± the standard error of the 
mean (SE) unless otherwise noted. All post-hoc, pairwise comparisons between 
categorical variables were performed with Tukey HSD tests for multiple comparisons. 
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Bat Activity – The relationship between bat passes per night (hereafter general bat 
activity) and feeding buzzes per night (hereafter bat foraging activity) was assessed 
across all nights/plots and within plots using Spearman rank correlation matrices, which 
make no assumptions about linearity between variables (Zar 1996; Zuur et al. 2009)  
Differences in bat activity among pecan groves were tested with LMMs (general bat 
activity; ln transformation) and GLMMs (foraging activity; Poisson distribution), with 
plot as a random effect. Due to the likelihood of within plot variability and/or changes in 
foraging intensity over the 24 night sampling period from both abiotic and biotic drivers, 
temporal patterns in activity were evaluated to assess the degree to which plots 
represented distinct levels of bat activity. Differences in general bat activity and foraging 
activity among plots were tested with an LM and a generalized linear model (GLM), 
respectively. An LM and GLM with an interaction term between plots and date (number 
of nights from the first sample date) were used to test for changes in general bat activity 
and foraging activity, respectively, over the sampling period within each plot. If 
interaction terms were significant for any plots, the temporal patterns were assessed both 
qualitatively and quantitatively using scatter plots and graphs of the running mean 
(window: ± 2 nights) to determine the date in which shifts in activity occurred. Based on 
these analyses, the sampling period was divided into two periods (early and late) at the 
approximate inflection point common to those plots. Student t-tests were used to test for 
differences in mean values between periods within each plot. If significant differences 
existed between periods for any of the plots, the means for each period were included in 
the mixed-effects models as potential explanatory variables, in addition to the mean of 
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the full sampling period (described below). Dividing the sampling period allowed for a 
comparison of the relative effects of bat predation and predation risk on PNC moths and 
larval damage at two time periods during the PNC moth emergence.  
 
Effects of Bat Activity on PNC moths and Pecan Damage - Mixed-effects models were 
used to account for multiple plots within the same pecan groves (Grove modeled as a 
random effect). Total second generation PNC moth captures in each plot were modeled 
with GLMMs (Poisson distribution for count data) for the full sampling period, and for 
the early and late periods. Fixed effects included the following variables measured in 
each plot: mean general bat activity (ln-transformed), mean bat foraging activity, percent 
crop load prior to PNC emergence and percent nut damage from the previous generation. 
Percent nut damage and cluster damage for each plot were modeled with LMMs 
(Gaussian distribution, ln-transformed). Fixed effects were the same as above, with the 
inclusion of total PNC moth captures. All parameters were estimated using maximum 
likelihood (ML) and Laplace approximation for GLMMs and restricted maximum 
likelihood (REML) for LMMs; ML was used for all model comparisons. 
A series of alternative models were constructed for each response variable with every 
possible combination of fixed effects. To reduce colinearity between variables, I used 
Spearman rank correlation matrices. For any pairs of variables with correlation 
coefficients greater than ± 0.5, I included each variable in separate models (Booth et al. 
1994; Zuur et al. 2009). I ranked models based on second order Akaike’s information 
criterion (AICc), which accounts for small sample sizes (Burnham and Anderson 2002). 
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The difference between each alternative model and the model with the lowest AICc score 
(Δi) was calculated and models with Δi  ≤ 2 were considered equally plausible (Burnham 
and Anderson, 2002). Akaike weight, ωi, was also calculated for each model i to estimate 
the relative probability that it was the best model of those considered. A 90% confidence 
set of models was constructed for each dataset, which included all models necessary to 
reach a cumulative Akaike weight of 0.90. Evidence ratios (ratios of Akaike weights), 
which indicate the likelihood of one model versus another (Burnham and Anderson 
2002), and a linear mixed-effects model coefficient of determination (marginal R2GLMM(m) 
), which provides an absolute estimate for the goodness-of-fit of the fixed effects in each 
model (Nakagawa and Schielzeth 2013), are also presented. Significance values are 
reported for fixed effects to facilitate interpretation; however, caution is advised for P-
values close to 0.05 in mixed-models due to difficulty in the calculation of degrees of 
freedom (Zuur et al. 2009).  
 
RESULTS 
Bat activity 
Across all observation nights, general bat activity and foraging activity were only 
moderately correlated (Spearman Rank, rs = 0.63, n = 214); furthermore, only five plots 
had within-plot correlations coefficients above 0.5 (rs values: 0.52 – 0.81). General bat 
activity ranged from 7 to 1,671 bat passes per night (305.06 ± 22.28, n = 214) across all 
nights, and did not significantly differ among pecan groves (LMM, P = 0.150), but did 
among plots (LM, P <0.001). There were significant differences in 44.4% of all possible 
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pairwise comparisons between plots. Bat foraging activity ranged from zero to 66 feeding 
buzzes per night (8.04 ± 0.61, n = 214) and differed significantly among both pecan 
groves (GLMM, P = 0.003), with higher foraging in one grove than the other two (P < 
0.031), and plots (GLM, P <0.001). There were significant differences in 71.1% of all 
possible pairwise plot comparisons, indicating that most plots represented distinct levels 
of foraging activity. 
The interaction term between plot and date for general bat activity was significant 
overall (LM, P <0.001), with two plots showing significant decreases in general bat 
activity over the sampling period (P <0.001). The interaction term between plot and date 
for bat foraging activity was also significant (GLM, P <0.001), with three plots showing 
significant increases or decreases in foraging activity (P <0.001). The shifts in activity 
for both general bat activity and foraging activity corresponded to approximately halfway 
through the sampling period (Figure 4.2), thus the sampling period was divided into an 
early and late period, spanning 12 nights each. Although there were no significant 
differences between the two periods for general bat activity or foraging activity across all 
plots (general: t = -0.722, P = 0.471; foraging: t = 0.8588, P = 0.391), differences existed 
between periods for several plots (Figure 4.3). These plots corresponded with those 
showing significant plot-date interaction terms. Although plot A3 had elevated general 
bat activity due to its close proximity to a bat house and could be considered an outlier, it 
was included in all analyses for the following reasons: 1) it showed consistently high 
activity across all nights of the sampling period (i.e. high mean was not due to one 
anomalous night), 2) it represents a hot spot in bat activity that could be replicated 
  
162 
through installation of a bat house, and 3) foraging activity at that plot was well within 
the range of the other plots, and thus represents an interesting comparison of general bat 
activity and foraging activity.  
 
PNC activity, Crop Load and Larval Damage 
 Male PNC moth captures in pheromone traps peaked sharply several times within 
the first generation and then showed significantly lower captures in the second generation 
(t = 8.91, P <0.001; Table 4.1, Figure 4.4). Duration of the first generation was also 
longer (32 d) than that of the second (24 d). Although values varied, phenology patterns 
across plots were very similar. Nut and cluster damage varied substantially across plots, 
ranging from 1.6 to 64.3% (Table 4.1), and although highly correlated (Spearman rank, R 
= 0.96), cluster damage estimates were consistently higher, as expected. In contrast to 
PNC captures in pheromone traps, nut damage was significantly higher after the second 
generation than after the first (t = -2.33, P = 0.037) and there was no difference in cluster 
damage between the two generations (t = -1.81, P = 0.094). As previously described, 
estimates of second generation damage only represented damage caused by second 
generation larvae and did not include prior damage from the first generation.  
 
Interactions among Bats, PNC moths and PNC Larval Damage  
 The best GLMM explaining PNC male moth captures over the full adult flight 
period of second generation moths included mean bat foraging activity as the sole 
explanatory variable (Table 4.2). This model was very strongly supported (ωi = 0.84, ER 
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= 14) and bat foraging activity showed a highly significant negative relationship with 
PNC moths (R2GLMM(m) = 0.83, P <0.001; Figure 4.5d). There was also a significant 
negative relationship between general bat activity and PNC moth captures (R2GLMM(m) = 
0.78, P <0.001; Figure 4.5a); however, this model was not included within the 90% 
confidence set of models (ωi = 0.00). Furthermore, when foraging activity and general bat 
activity were included together in a model (ωi = 0.06), the effect of general bat activity 
disappeared (P = 0.348) while the effect of foraging activity remained (P <0.001) and 
strengthened slightly (slope: -0.162 to -0.209; Table 4.2). For the early period of the PNC 
emergence, both early bat foraging activity and general bat activity were included 
individually in the top two models and were significant negative predictors of PNC 
captures (R2GLMM(m) =  0.78, P = 0.012 and R2GLMM(m) =  0.72, P = 0.010, respectively; 
Figure 4.5b,e). Although foraging activity had the lowest AICc score, it had a relatively 
low model probability (ωi = 0.42) and the evidence ratio indicated that it was only 1.62 
times more likely than general bat activity to be the best model (ΔAICc < 2), thus both 
models were considered to be equally plausible. Late period PNC moth captures were 
best explained by late bat foraging activity (ωi = 0.53, ER = 3.53), which was highly 
significant (R2GLMM(m) =  0.74, P = 0.002; Figure 4.5f). There was some evidence that crop 
load prior to the second PNC generation also influenced late period PNC when included 
with foraging activity (P = 0.065), but this model had much lower model probability (ωi 
= 0.15). Late general bat activity was included in the 90% confidence set of models with 
lower support (ωi = 0.11) and exhibited a negative relationship with PNC moth captures 
(R2GLMM(m) =  0.65, P = 0.004; Figure 4.5c).  
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The LMMs modeling nut damage and cluster damage by PNC showed similar 
results for both measures. Models including early foraging activity alone were strongly 
supported (nut: ωi = 0.79, ER = 15.8; cluster: ωi = 0.66, ER = 7.33) and were highly 
significant (nut: R2GLMM(m) =  0.72, P = 0.005, Figure 4.6e; cluster: R2LMM(m) =  0.68, P = 
0.008). Crop load was also a significant positive predictor (nut: R2LMM(m) =  0.50, P = 
0.038; cluster: R2LMM(m) =  0.51, P = 0.033), but did not represent the best model and was 
not better than the null model (nut: ωi = 0.05, ER = 1.00; cluster: ωi = 0.09, ER = 1.13). 
Measures of general bat activity were not significantly related to nut or cluster damage 
for any of the sampling periods (P > 0.492, Figure 4.6a-c). Foraging activity over the 
entire sampling period showed a negative trend with nut damage, likely driven by early 
foraging activity, but was not statistically significant (R2LMM(m) =  0.36, P = 0.091, Figure 
4.6d). There was no relationship between late foraging activity and nut damage (R2LMM(m) 
=  0.11, P = 0.331, Figure 4.6f). 
 
DISCUSSION 
In this study, I coupled ultrasonic acoustic technology with traditional pest 
monitoring techniques to document interactions between insectivorous bats, pecan nut 
casebearer (PNC) moths, and crop damage within the pecan agroecosystem. The results 
provide compelling evidence that bats suppress or divert PNC moth mate-seeking 
activity, and have downstream effects on PNC larval damage to pecans. Interestingly, the 
strength of these interactions changed based on the nature and timing of bat activity, 
highlighting the complexities of predator-prey dynamics in native agroecosystems.  
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Bat activity 
Temporal variation in bat activity is extremely common (Hayes 1997) and was 
expected in this study. Because microclimate conditions were likely similar across plots 
due to simultaneous sampling, the significant shift in bat activity levels within several 
plots was likely related to changes in sources of insect prey (e.g., Armitage and Ober 
2012; Wickramasinghe et al. 2004). Although bats consume PNC moths, the relative 
importance of PNC in the diets of bats relative to other prey items is not known and the 
proportion they comprise of overall prey availability varies from less than 5% to up to 
30% depending on the night (Chapter 3). Therefore, bats may have been responding to 
other sources of higher density prey within the area. It is beyond the scope of this paper 
to speculate further about the various drivers of bat activity. 
 
PNC moths 
Pheromone traps track the activity patterns of male moths but it is not clear how 
closely they correspond to overall population trends (see Chapter 3 for further 
discussion); thus, PNC numbers reported in this study should only be considered a 
measure of mate-seeking activity, and only very cautiously extrapolated to population 
density. Unfortunately, beyond a few detailed studies based on moths in captivity and 
black light trap captures (Bilsing 1926, 1927; Calcote et al. 1984), little is known about 
female PNC behavior and activity patterns relative to male moths. Pheromone trap 
efficacy has been shown to decrease in response to increasing female density in several 
species of moths (including two in Pyralidae), due to pheromone competition (Croft et al. 
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1986; Elkinton and Cardé 1984; Hartstack and Witz 1981; Howell 1974; Knight and 
Croft 1987; Kondo and Tanaka 1994; Kondo et al. 1993; Unnithan and Saxena 1991), but 
this has not been tested in PNC moths. Results from (Chapter 3), which compares 
pheromone trap captures (males) to PNC captures using black light traps (both sexes), 
indicated no correlation between the two trapping methods. In contrast to pheromone 
traps, black light captures showed an increase in PNC abundance in each generation 
(consistent with Calcote et al. 1984) and represented a significant predictor of PNC 
consumption by bats. These patterns correspond with the findings in the present study of 
higher nut damage from the second PNC generation despite much higher male moth 
captures in pheromone traps during the first generation. A multi-year study using black 
light traps indicated that PNC sex ratios shifted from male to female biased over the 
season and were approximately 50:50 during the second generation (Calcote et al. 1984). 
If this is consistent in my study area, competition between females and pheromone traps 
may be relatively high during the second PNC generation explaining the lower male moth 
captures in pheromone traps.   
 
Direct effects of bats on PNC moths 
Both general bat activity and bat foraging activity were negatively associated with 
total PNC male moth captures in pheromone traps during the early, late and full flight 
periods of second generation PNC as predicted; however, foraging activity was 
consistently the best model. These relationships suggest that general bat activity and 
foraging activity, metrics of predation risk and predation by bats, respectively, reduced or 
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averted the mate-seeking behavior of PNC males. As previously discussed, it is unclear 
based on these data alone if PNC abundance was also reduced.  
Behavioral adaptations in response to predation risk are common across taxa (Brown 
and Gurung 1999; Miner et al. 2005) and many moths have evolved to detect and avoid 
predation by bats (Fullard and Napoleone 2001; Miller and Surlykke 2001). Thus, it is 
likely that PNC, eared moths, would also reduce or alter their activity patterns in response 
to the presence of echolocating bats; however, the present study is the first to provide 
evidence to support this. PNC females exhibit peak mate calling from 0100-0300 h 
(Millar et al. 1996; Stevenson and Harris 2009) and peak male captures in pheromone 
traps occur between 0000 and 0400 h (Stevenson and Harris 2009). Stevenson and Harris 
(2009) suggest that these circadian rhythms in PNC moths have evolved to minimize the 
likelihood of bat predation by concentrating mate-seeking during hours of reduced bat 
activity. There is evidence that male moths in general are more susceptible to 
consumption by bats due to increased flight activity during mate-seeking (Acharya 1995), 
thus there may be strong selective pressure on male PNC moths to reduce mate-seeking 
in areas of high predation risk. When presented with echolocation calls in a laboratory 
experiment, male European corn borer moths, Ostrinia nubilalis (Pyralidae) significantly 
reduced pheromone plume following behavior in proportion to the level of simulated 
predation risk (Acharya and McNeil 1998). Moths reacted more strongly to calls 
characteristic of those produced as bats approach and attack prey (i.e. feeding buzzes). 
Given that various moth species have the capacity to discriminate stimulus intensities and 
pulse repetition rates (Fullard 1979, 1984), it is possible that PNC moths perceive a 
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heightened predation risk from areas of high foraging activity in addition to actual 
predation attempts. This combination of predation pressures may contribute to explaining 
the stronger relationship between PNC moth captures at pheromone traps and bat 
foraging activity than that with general bat activity.  
 
Indirect effects of bats on pecan nut damage by PNC larvae 
Bat foraging activity in the early period of adult flight was negatively associated with 
pecan nut and cluster damage caused by PNC larvae four weeks later. This relationship 
suggests that predation by bats during this period either reduced adult PNC populations 
or suppressed some aspect of reproductive activity leading to indirect effects on larval 
damage to pecan nuts. Each female moth has the potential to lay 200 eggs (Bilsing 1927) 
and consequently destroy up to 1,000 pecan nuts through the larvae she produces; thus, 
consumption of a PNC female would directly prevent these offspring from entering the 
ecosystem. Like males, female Pyralids have also been found to respond to simulated bat 
predation risk in laboratory experiments by altering reproductive behaviors; for example, 
female moths reduced pheromone release, mating time and larval production in the 
presence of ultrasound (Acharya and McNeil 1998; Huang and Subramanyam 2004; 
Huang et al. 2003). Therefore, a combination of consumption of PNC and heightened 
predation risk associated with feeding buzzes may have contributed to the reduction in 
larval damage in plots with high foraging activity. Separating out the effects of each 
mechanism is not possible with the data collected in this study, and would require a more 
controlled experiment. The lack of any relationship between general bat activity and 
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larval damage indicates that, regardless of its effect on PNC male moths, the predation 
risk associated with non-foraging bats was not sufficient to reduce downstream pecan 
damage by PNC larvae. Taken together, these results suggest that while PNC moths may 
reduce their mate-seeking activity as general bat activity increases, the overall 
reproductive success of the population is only affected by the predation (or heightened 
risk) associated with foraging activity.  
The finding that PNC larval damage was negatively associated with bat foraging 
activity in the early period of adult flight, but not with the full or late flight periods, 
suggests that there may be a limited time window in which bat predation can significantly 
influence larval entry, despite a consistent effect on moth activity across the full flight 
period. Female moths are polygamous, mating up to 10 times throughout their lifespan of 
up to four weeks (Calcote et al. 1984). Oviposition, where females deposit one egg per 
nut cluster, begins approximately 4-5 days after emergence and extends over the period in 
which they have fertilized eggs, with moths generally living for an additional several 
days after their last oviposition (Bilsing 1927). Female density seems to be skewed 
toward the first two weeks of the flight period and then tapers off for the final weeks 
(Bilsing 1927; Calcote et al. 1984). Based on these studies, predation on virgin or 
minimally mated females early in the flight period would be expected to have the greatest 
impact on downstream larval damage due to reduction in female oviposition potential. In 
contrast, a female moth consumed later in its life would have already deposited most, or 
all, of its potential clutch. Predation on males may have a weaker effect on nut damage 
due to the polygamous mating system exhibited by PNC moths (e.g., Calcote et al. 1984; 
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Harris et al. 1997); but, similar to females, predation on males early in the flight period 
should lead to a greater reduction in overall reproductive success than would predation on 
later males. Suppressed reproductive activity (e.g., mating and oviposition) of moths 
remaining in areas of heightened predation risk would similarly be expected to have a 
greater effect on larval damage during the early period; however, dispersal of surviving 
moths to areas of lower predation risk may avoid some loss of lifetime reproductive 
success. Controlled studies of flight behavior of male and female PNC moths, both in the 
presence and absence of bat echolocation, is recommended to more fully understand the 
predator-prey dynamics occurring in the pecan agroecosystem. 
 
Covariates 
The other variables included as covariates in the mixed-models showed some patterns 
but were not strongly supported. The appearance of crop load as a variable in several of 
the top models for PNC male moth captures at pheromone traps and, alone, as a 
significant positive predictor of nut and cluster damage, may be related to the availability 
of potential oviposition sites for PNC moths. By concentrating oviposition in areas of 
higher pecan density, efficiency and reproductive success for the female may be 
maximized (Aguirre et al. 1995; Bilsing 1927). Males, in turn, are likely attracted to 
concentrations of females. However, bat foraging activity alone was a much better model 
in all cases and was still significant when included with crop load, suggesting that 
predation pressure may be a stronger force than oviposition site availability. Positive 
trends between larval damage and PNC male moth captures in the early flight period, but 
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not in any other period, provide some limited evidence that early PNC moth activity may 
be most important in determining larval damage; however, these relationships were not 
statistically significant and received very low model support.  
 
Assemblage of generalist predators 
Although search phase echolocation calls are commonly identified to bat species 
(e.g., Miller 2001; Murray et al. 2001), species identification of feeding buzzes is 
extremely difficult due the dramatic changes in call slope, frequency and duration. In 
order to avoid loss of unidentifiable calls, echolocation call sequences were not identified 
to species. Therefore, general bat activity and foraging activity comprise an assemblage 
of insectivorous bat species, but the specific species composition is unknown. Based on 
research investigating diversity and activity patterns of bats within native pecan groves 
(Chapter 2), the bat community represented in my study plots likely consists of: eastern 
red bats, Lasiurus borealis, cave myotis, Myotis velifer, evening bats, Nycticeius 
humeralis, tri-colored bats, Perimyotis subflavus, and Brazilian free-tailed bats, Tadarida 
brasiliensis. There may also be a lower abundance of silver-haired bats, Lasionycteris 
noctivigans and hoary bats, Lasiurus cinereus. While all five of the most common species 
have been found to consume PNC moths (Chapter 3), L. borealis was found to consume 
PNC with the highest frequency and to have the greatest relative quantity of PNC in their 
diets; thus, any variation in species composition among plots may have contributed to 
additional variation in the data. Focusing specifically on foraging activity by L. borealis 
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in relation to PNC moth captures and larval damage would be interesting and may 
strengthen these relationships further.   
 
Conclusions and Conservation Implications 
The results of this study suggest that both predation and predation risk by bats 
suppressed PNC male moth mate-seeking activity, and that predation had quantitative 
downstream effects on PNC larval damage to pecans. These findings pertain to only one 
generation of PNC within native pecan groves of central Texas, thus conclusions should 
be interpreted cautiously and replicated on a larger temporal and spatial scale. That said, 
this is the first study to demonstrate a link between bat foraging activity and PNC moth 
and larval populations, thus serves as a critical step in the investigation of pest 
suppression services by bats in the pecan agroecosystem. Although correlative, the 
methods used in this study provide an alternative to commonly used predator exclosure 
experiments, which may not be feasible or biologically appropriate in many systems, 
when investigating the pest suppression services of aerial-hawking insectivores.  
Similar studies in conventional pecan orchards should be implemented to evaluate the 
impact of bats in these systems. Monitoring oviposition rather than larval damage would 
avoid the confounding effect of pesticide use, which targets the larval stage. However, 
consumption of PNC moths by bats occurs before pesticides are applied in conventional 
orchards; thus, assuming a comparable bat community, the effect of predation by bats in 
conventional orchards should be similar to that in organically managed groves. Lasiurus 
borealis, which has been found to consume PNC moths more frequently than other 
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species (Chapter 3), has also been found in the highest abundance within conventional 
pecan orchards (Chapter 2), hinting at the potential pest suppression service within 
conventional orchards. 
The findings of this study suggest that encouraging bats in the pecan agroecosystem 
may reduce the level of damage to pecans by PNC larvae; however, as evidenced by plot 
A3, which was adjacent to a large bat house, higher bat activity does not always equate 
with higher foraging activity. Constructing multiple bat houses around orchards and 
increasing vegetative roosting opportunities within and around orchards (outlined in 
Chapter 2) may maximize bat foraging within the pecan agroecosystem.  
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Table 4.1. Summary statistics (mean ± SE and range) and results of Student’s t-test for 
PNC male moth captures, pecan crop load, nut damage and cluster damage between 
generations. 
 
!! !! !! !! !! !! !! !! !!
1st!Genera*on! 2nd!Genera*on! T!/!test!
Parameter! Mean! Range! ! Mean! Range! ! t/value! p/value!
PNC!trap/1!night/1! 3.6!±!0.3! 1.9!/!4.5! 0.5!±!0.1! 0!/!1.1! 8.91! <0.001%
Crop!Load! 39.3 ± 4.2  15.6 - 64.1  33.8 ± 3.0 19.0 - 46.8  1.06! 0.304!
Nut!damage! 14.9 ± 2.0  1.9 - 22.5  26.3 ± 4.4 1.6 - 55.3 /2.33! 0.037%
Cluster!damage! 20.7 ± 2.4 3.9 - 31.4  30.8 ± 5.0 2.8 - 64.3 /1.81! 0.094!
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Table 4.2. Best models explaining PNC male moth captures (generalized linear mixed-
effects model [GLMM]) and nut/cluster damage (Ln-transformed; linear mixed-effects 
model [LMM]). For each dataset, 90% confidence set of models are listed and ranked by 
ΔAICc (difference between each alternative model and model with the lowest AICc 
score) and ωi (Akaike weights). Models in bold are considered the best model. ER = 
evidence ratio. R2GLMM(m) = marginal R2 for fixed-effects of mixed model. Activity = 
general bat activity. Foraging = bat foraging activity. 
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Table 4.2 
 
 
 
 
Response'
Variables
Explanatory''Variables
Model'
Error
ΔAICc ωi ER R2GLMM(m) p:value Estimate'±'SE
Foraging'Full Poisson 0 0.84 14.00 0.83 <0.001 :0.162'±'0.031
Foraging*Full$+*ln(Activity*Full) 5.12 0.06 1.20 0.82
****Foraging*Full <0.001 <0.209*±*0.059
****ln(Activity*Full) 0.348 0.346*±*0.369
Null*(intercept*only) 20 0 ~ 0.00 ~ ~
Foraging'Early Poisson 0 0.42 1.62 0.78 0.012 :0.229'±'0.092
ln(Activity)'Early 0.96 0.26 2.36 0.72 0.010 :1.406'±'0.543
Null*(intercept*only) 2.73 0.11 2.75 0.00 ~ ~
Foraging*Early*+*ln(Activity*Early) 4.48 0.04 1.00 0.78
****Foraging*Early 0.156 <0.150*±*0.106
****ln(Activity*Early) 0.255 <0.743*±*0.653
ln(Activity*Early)*+*Crop*Load 4.6 0.04 1.33 0.80
****ln(Activity*Early) 0.017 <1.58*±*0.658
****Crop*Load 0.125 0.034*±*0.022
Foraging'Late Poisson 0 0.53 3.53 0.74 0.002 :0.105'±'0.033
Foraging*Late*+*Crop*Load 2.6 0.15 1.36 0.73
****Foraging*Late 0.003 <0.096*±*0.032
****Crop*Load 0.065 <0.018*±*0.010
Activity*Late 3.18 0.11 1.57 0.65 0.004 <0.709*±*0.246
ln(Activity*Late)*+*Crop*Load 4.18 0.07 1.40 0.70
****ln*(Activity*Late) 0.004 <0.716*±*0.247
****Crop*Load 0.025 0.022*±*0.010
Null*(intercept*only) 4.79 0.05 1.67 0.00 ~ ~
Foraging'Early Gaussian 0 0.79 15.80 0.72 0.005 :0.147'±'0.033
Crop*Load 5.52 0.05 1.00 0.50 0.038 0.049*±*0.019
Null*(intercept*only) 5.58 0.05 2.50 0.00 ~ ~
Foraging*Early*+*Crop*Load 7.17 0.02 1.00 0.77
****Foraging*Early 0.034 <0.113*±*0.041
****Crop*Load 0.289 <0.015*±*0.032
Foraging'Early Gaussian 0 0.66 7.33 0.68 0.008 :0.121'±'0.031
Crop*Load 3.92 0.09 1.13 0.51 0.033 0.044*±*0.016
Null*(intercept*only) 4.24 0.08 2.67 0 ~ ~
PNC*Early 6.08 0.03 1.00 0.39 0.076 0.297*±*0.139
Foraging*Total 6.43 0.03 1.50 0.36 0.088 <0.115*±*0.056
Foraging*Early*+*Crop*Load 6.82 0.02 2.00 0.74
****Foraging*Early 0.060 <0.091*±*0.038
****Crop*Load 0.248 <0.021*±*0.016
PNC*Full*(GLMM)
PNC*Early*(GLMM)
PNC*Late*(GLMM)
Nut*Damage*(LMM)
Cluster*Damage*(LMM)
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Figure 4.1. Images portraying the life cycle of the pecan nut casebearer moth (PNC), 
Acrobasis nuxvorella. (a) An adult PNC moth resting on a pecan twig during the day, (b) 
An individual PNC egg from first generation moths on an immature pecan nutlet. (c) 
Three pecan nutlets damaged by first generation PNC larvae showing characteristic frass 
and webbing and one remaining viable nutlet that is now susceptible to damage by 
second generation of PNC larvae. Nut damage in this image would be 75%, while cluster 
damage would be 100%.  
 
a" b" c"
Photo"Credit:"Bill"Ree"
"
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Figure 4.2. Examples of plots showing shifts in bat foraging activity midway through 
the sampling period. From top to bottom, the running means (window: ± 2 values) of 
feeding buzzes per night for plots 1, 4 and 6, respectively. Foraging activity changed over 
time in all three plots (P <0.001). The dotted line divides the sampling period into early 
and late periods comprising 12 nights each. 
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Figure 4.3. Mean (± SE) general bat activity (a) and bat foraging activity (b) in early and 
late periods for the ten plots. Letters represent different native pecan groves. Asterisks (*) 
indicate significant differences between periods as tested with Student t-tests (α = 0.05). 
Significance values:  <0.1, * <0.05, ** <0.01, *** <0.001.  
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Figure 4.4. Temporal activity patterns of male PNC moths captured in pheromone traps 
(line; primary axis) and mean percent nut damage ± SE (open squares; secondary axis) 
across ten plots representing two generations of PNC. Maximum number of moths 
captured in any one trap is depicted here, but phenology patterns did not greatly differ 
across plots. Second generation nut damage estimates are independent and not cumulative 
with first generation estimates. Asterisks (*) Indicates significant difference (Student's t-
test, α = 0.05). 
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Figure 4.5. Relationships between PNC moth captures and general bat activity (a-c) 
and bat foraging activity (d-f) for the full sampling period, early period and late period. 
Shapes represent pecan groves (grove A = circle, grove B = square, grove C = triangle). 
Note the difference in axis scales between periods and bat activity metrics. R2GLMM(m) and 
p-values are derived from mixed-effects models (Poisson distribution; pecan grove as 
random effect).  
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Figure 4.6. Relationships between nut damage and general bat activity (a-c) and bat 
foraging activity (d-f) for the full sampling period, early period and late period. Shapes 
represent pecan groves (grove A = circle, grove B = square, grove C = triangle). Note that 
axis scales differ between metrics of bat activity. R2LMM(m) and p-values are derived from 
mixed-effects models (Gaussian distribution; response variable Ln-transformed; pecan 
grove as random effect).  
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CONCLUSIONS AND CONSERVATION IMPLICATIONS 
 
In my dissertation research I applied several conceptual frameworks – developed to 
guide the evaluation of ecosystem services provided by organisms (Buckner 1966; 
Kremen 2005; Kremen et al. 2007; Luck et al. 2003; Luck et al. 2009) – to begin to 
assess the pest suppression service provided by insectivorous bats in a pecan 
agroecosystem in central Texas (Figure I.1). Taken together, the results of my 
dissertation indicate that pecan agroecosystems provide a supporting service through 
provisioning of roosting and foraging habitat for insectivorous bats, while bats provide a 
regulatory service through predation on pecan nut casebeaer (PNC) moths. My results 
demonstrate higher activity and diversity of bats within the pecan agroecosystem than in 
the surrounding landscape likely due to roosting opportunities, but species-specific and 
seasonal differences exist in the effects of management intensity. Five species of bats 
prey upon PNC moths during all three critical population peaks prior to insecticide 
application, but there is variation in consumption among species. A negative relationship 
between bat foraging activity and both PNC moths and PNC larval damage to pecans 
provides evidence that bat predation has quantitative downstream effects. Prior to my 
dissertation there had been no research on habitat use by bats in the pecan agroecosystem 
or the role of bats in PNC suppression. My results highlight the conservation value of the 
agricultural matrix for bats and the complexities of accurately documenting ecosystem 
services provided by free-ranging mobile organisms.  
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In Chapter One, I reviewed the existing literature on the ecosystem services 
provided by insectivorous bats and highlighted areas of research that deserve further 
attention. Humans derive direct benefits from bats as food, guano for fertilizer, and 
through contributions to medicine and culture. Perhaps more significantly, yet much 
more difficult to quantify, humans derive indirect benefits from bats through suppression 
of arthropods that prey on a wide variety of ecologically and economically important 
plants. In turn, the contribution of these services by bats to healthy, functioning 
ecosystems provides additional benefits to humans by supporting vital regulatory 
processes such as climate regulation, nutrient cycling, water filtration, and erosion 
control. Unfortunately, many misconceptions about bats persist, especially in the 
neotropics, where humans regularly have negative interactions with vampire bats (Brown 
1994); thus, conservation efforts often fall short. Assigning values to the different 
ecosystem services provided by bats is one way of positively influencing the public’s 
perception of these beneficial mammals; however, economic valuation of these services 
remains in its nascency. Both market and nonmarket valuation methods exist that either 
have been or could be used to estimate the economic value of these ecosystem services 
(Kunz et al. 2011). As was noted by the few published studies on Brazilian free-tailed 
bats, Tadarida brasiliensis, these values can be quite substantial. However, a distinct 
challenge exists in that most of these efforts require detailed descriptions of ecological 
production functions (e.g., Klein et al. 2007) or consumer surveys of households in 
developing countries that require substantial time and monetary investments.  
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 In Chapter Two, I evaluated the relative conservation value of the pecan 
agroecosystem and effects of management on bat assemblages by measuring composition 
and activity patterns of bats and their insect prey within organically managed native 
pecan groves, conventional pecan orchards and mesquite-juniper woodlands. Taken 
together, the results of this study demonstrate that native pecan groves and conventional 
pecan orchards provide attractive foraging and roosting habitat for bats in the semi-arid 
landscape of the Edwards Plateau; however, there were species-specific differences in 
habitat selection due in part to differences in vegetative structure, and seasonal 
differences due to potential changes in roosting requirements and prey availability. 
Although there were no differences in overall bat abundance between native pecan groves 
and conventional orchards, higher bat diversity and activity in native pecan groves during 
the critical reproductive months provide some evidence that increased management 
intensity reduces habitat quality for bats. In San Saba County, only 1.3% of the total land 
area is pecan agroecosystem (USDA 2009), but the results of this study indicate that 
these areas are highly preferred by bats over the mesquite-juniper woodlands that 
dominate the county and most of the Edwards Plateau ecoregion. In times of drought, 
which are projected to further increase in intensity and duration in this region (Meehl et 
al. 2007; Seager et al. 2007; Seager and Vecchi 2010), bats may become increasingly 
more dependent upon riparian areas and the adjacent deciduous vegetation of pecan 
groves and orchards. However, conventionally grown pecan trees generally have a more 
superficial root system due to routine surface irrigation, lacking the deep tap root of 
native pecans, and thus are more susceptible to drought (Sparks 2002). Severe drought 
  
186 
conditions, as witnessed in the drought of 2011-2012, can lead to substantial pecan leaf 
loss, reduction in leaf function and even tree mortality (Rohla 2012; Smith and Huslig 
1990). These shifts will likely negatively impact roosting opportunities for Lasiurus 
borealis and lead to changes in protective cover and/or microclimate for other bat 
species. Consequently, native groves may become more important for bats than 
conventional orchards with changing climate conditions in this region. From a regional 
perspective, the species composition of native pecan forests and groves has been found to 
favor higher densities of pecans as they move into more arid regions, due to their deep 
tap roots and the reduced survival of competing species (Maggio et al. 1991); thus, these 
habitats may increase in importance in more arid regions, but may be less critical in areas 
of the country where water limitation is not as severe. Conservation, regeneration and 
expansion of these native pecan groves are highly recommended, particularly in semi-arid 
to arid regions.  
In Chapter Three, I used a quantitative polymerase chain reaction (qPCR) fecal 
assay to track consumption of PNC moths by an assemblage of insectivorous bats in 
relation to seasonal PNC activity patterns. Traditional methods of dietary analysis would 
have been ineffective for detecting these small, soft-bodied prey items (Clare et al. 2009; 
McCracken et al. 2012). My results indicate that PNC moths were consumed by five 
species of bats: Tadarida brasiliensis, Myotis velifer, Nycticeius humeralis, Lasiurus 
borealis and Perimyotis subflavus. Eastern red bats, L. borealis, had the highest 
frequency of PNC presence and number of PNC gene copies in fecal samples, suggesting 
greater predation on PNC moths by this bat. Foraging and roosting behaviors of L. 
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borealis may lead to increased contact with PNC relative to the other bat species 
sampled. Seasonally, consumption was concentrated around peaks in PNC activity; 
however, PNC abundance estimated with pheromone traps did not correspond to 
consumption of PNC by bats. PNC abundance estimated with black light traps, however, 
was positively associated with PNC consumption, suggesting that these traps better 
represent PNC moth availability to bats. Pecan growers generally spray only for first 
generation PNC larvae, occasionally the second generation, and very rarely for the third. 
In the present study, I found that bats consume PNC moths during each of the three 
generations, which occurs before pesticides are applied in conventional orchards and 
before natural enemies attack eggs and larvae in organically managed orchards. Thus, bat 
predation could benefit conventional orchards through reduction of pesticide use and 
organic orchards through reduction in overall damage. Consumption of PNC by bats in 
the third generation when growers do not spray may reduce the larval populations that 
overwinter and cause significant damage the following spring. While documentation of 
PNC consumption by bats does not necessarily equate with pest suppression in the pecan 
agroecosystem, it is an important first step in understanding underlying predator-prey 
dynamics and economic valuation of this service. 
In Chapter Four, I used the natural heterogeneity of bat activity (general and 
foraging) within native pecan groves to evaluate the relationships between insectivorous 
bats, PNC moths, and PNC larval damage to pecan nuts. The results of this study suggest 
that both predation (foraging activity) and predation risk (general activity) by bats 
suppressed PNC male moth activity, and that predation had quantitative downstream 
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effects on PNC larval damage to pecans. This is the first study to demonstrate a link 
between bat foraging activity and PNC moth and larval populations, thus serves as a 
critical step in the investigation of pest suppression services by bats in the pecan 
agroecosystem. Although correlative, the methods used in this study provide an 
alternative to predator exclosure experiments, which may not be feasible or biologically 
appropriate in many systems, when investigating the pest suppression services of aerial-
hawking insectivores. Similar studies in conventional pecan orchards should be 
implemented to evaluate the impact of bats in these systems. However, consumption of 
PNC moths by bats occurs before pesticides are applied in conventional orchards; thus, 
assuming a comparable bat community, the effect of predation by bats in conventional 
orchards should be similar to that in organically managed groves. Lasiurus borealis, 
which was found to consume PNC moths more frequently than other species (Chapter 3), 
has also been found in the highest abundance within conventional pecan orchards 
(Chapter 2), hinting at the potential pest suppression service within conventional 
orchards. The findings of this study suggest that encouraging bats in the pecan 
agroecosystem may reduce the level of damage to pecans by PNC larvae; however, 
higher bat activity does not always translate into higher foraging activity.  
 
Species-specific Habitat Management Recommendations 
Information on the ecosystem services provided by bats can be used to inform 
decisions regarding where and when to protect or restore bat populations and associated 
habitats, as well as to improve public perception of bats. The predator-prey dynamics 
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discussed in Chapters Three and Four of my dissertation illustrate the importance of 
encouraging multiple bats species in pecan agroecosystems to facilitate the predation and 
suppression of PNC moths. In particular, eastern red bats, Lasiurus borealis, likely 
represent the greatest predation pressure on PNC moths, due to findings of higher 
presence and quantity of PNC DNA in their fecal samples. Although not investigated, it 
is likely, based on findings of high bat activity within the pecan agroecosystem, that 
additional pests of pecans may comprise the diets of the other bat species in this study. 
Species-specific strategies for conservation of bat habitat in these landscapes are 
therefore recommended based on habitat use findings in Chapter Two. While bat houses 
can provide successful roosting opportunities for Brazilian free-tailed bats, Tadarida 
brasiliensis (and to a lesser extent Myotis velifer and Nycticeius humeralis;(Long et al. 
2006), species such as Lasiurus borealis, Lasiurus cinereus, Lasionycteris noctivigans, 
Nycticeius humeralis and Perimyotis subflavus that rely heavily or entirely upon tree 
cavities and foliage for roosting require management of specific woodland 
characteristics. Increasing canopy cover in groves and orchards by minimizing branch 
cropping in conventional orchards and planting new trees in tree fall gaps within native 
groves may facilitate increased roost use by L. borealis. Maintenance of old, large 
diameter pecan trees (both live trees and snags) within and around native groves and 
conventional orchards would provide critical roosting habitat for N. humeralis. Although 
there was no direct evidence from my study that pesticide use negatively affected overall 
abundance of bats in conventional orchards, the finding of lower activity in conventional 
orchards between April and June coincides with high pesticide use and warrants further 
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investigation. However, due to the potential adverse effects of pesticide applications 
while bats are roosting in foliage, it is recommended that conventional pecan growers 
leave some trees unsprayed so that bats can temporarily seek alternative roosting sites. 
Providing a buffer area for bats during such events may facilitate their persistence in 
conventionally managed orchards and reduce any negative consequences associated with 
chemical insecticides. Future research should address bat activity patterns in relation to 
specific management events, possible pesticide residues present in bat guano/tissue, and 
reproductive success for L. borealis within conventional pecan orchards.  
My dissertation builds upon the growing body of research on wildlife in the 
agricultural matrix, by documenting habitat use and pest suppression services by bats in 
pecan groves and orchards, a geographically widespread and economically important 
agroecosystem. The results from this research could be incorporated into individual 
orchard management plans, organic standards plans, and conservation programs such as 
those offered by the U.S. Department of Agriculture’s Natural Resources Conservation 
Service, and the U.S. Environmental Protection Agency. The bat species in this study all 
face serious conservation concerns either regionally or nationally due to wind energy 
expansion (T. brasiliensis, L. borealis, L. cinereus, L. noctivigans and P. subflavus: 
Arnett et al. 2008; Kunz et al. 2007), loss of roost sites (N. humeralis: Whitaker et al. 
2006), roost disturbances (M. velifer: Angelo 2009; O'Shea and Vaughan 1999) and 
white nose syndrome (P. subflavus: Francl et al. 2012). Furthermore, the fact that T. 
brasiliensis, L. borealis, L. cinereus and L. noctivigans all migrate across international 
borders (Mexico and Canada) introduces a suite of additional conservation implications. 
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In landscapes where privately owned land and agriculture predominate, it is important to 
incorporate private landowners as key players in the conservation of biodiversity, 
maintenance of open-spaces and management of wildlife habitat. 
Studies of the effects of bat predation on herbivore suppression in agricultural 
systems within the U.S. have focused on large, single-species bat aggregations 
(Cleveland et al. 2006; McCracken et al. 2012), and have not considered the potential of 
smaller, multi-species bat assemblages dispersed across the landscape. As predators and 
prey diversify within a system, the interaction between any particular pair becomes more 
diffuse and difficult to quantify (Holt and H. 1994; Symondson et al. 2002b). Although 
incredibly complex, understanding these multi-species, predator-prey interactions is an 
essential component in the valuation of pest suppression services within native 
ecosystems and agroecosystems. 
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APPENDICES 
 
Appendix A.1. Examples of economic and ecological damage caused by insect pests that 
are consumed by bats.  
 
 
June beetles – Adults are herbivorous and have the potential to defoliate trees in large 
numbers; their larvae, white grubworms, attack the roots of grasses and various crops 
such as corn, wheat, oats, barley, sugarbeets, soybeans, and potatoes (Flanders and Cobb 
1996; Hellman 1995).   
 
Wireworms/Click beetles – Wireworms, click beetle larvae, cause several million 
dollars worth of damage annually, and no crop is known to be entirely immune 
(Davidson and Lyon 1987).   
 
Leafhoppers and planthoppers – Vectors of plant pathogens such as the rice dwarf and 
the maize mosaic viruses, as well as phytoplasmas and bacteria (Nault and Ammar 1989). 
The brown planthopper has resulted in cumulative losses of rice estimated in the 
hundreds of millions of dollars and other species act as serious agricultural pests to 
potatoes, grapes, almonds, citrus and row crops (Denno and Perfect 1994).   
 
Spotted cucumber beetles (Diabrotica undecimpunctata) – Serious pests of corn, 
spinach and various cucurbit vines (Krysan 1986). In the larval stage (corn rootworms), 
these pests decimate corn crops, costing farmers in the U.S. an estimated $1 billion 
annually in crop yields and cost of pesticide applications. The United States Department 
of Agriculture (2009) reports that more hectares of cropland are treated with insecticide 
to control corn rootworm than any other pest in the U.S.   
 
Stinkbugs – Serious pests of various crops including: apples, pecans, soybeans, cotton, 
field corn, grain sorghum, peach and vegetables (McPherson and McPherson 2000). 
Stinkbugs pierce plant tissues with their mandibular and maxillary stylets to extract plant 
fluids, which results in staining of the seed, deformation and abortion of the seed and 
fruiting structures, delayed plant maturation and the predisposition to colonization by 
pathogenic organisms.  
 
Gypsy moths – Serious pests of several hundred species of trees, bushes and shrubs, both 
hardwood and conifer, and can lead to the complete defoliation when in high enough 
densities (Elkinton and Liebhold 1990). Introduced into North America in the late 1800s, 
their range has continually expanded westward and now threatens temperate forested 
ecosystems throughout the northeast (Liebhold et al. 1992).   
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Tent caterpillars – Have irruptive population dynamics, generally advancing to pest 
status every year in some region of the United States and causing considerable defoliation 
of trees over extensive areas (Fitzgerald 1995).   
 
Coneworms – Larvae feed within cones on cone scales and seeds of various species of 
firs and western pines (Hedlen et al. 1980), and can cause significant damage to fertilized 
conifer plantations and loblolly pine seed orchards (Ebel et al. 1975; Nowak and 
Berisford 2000).   
 
Cutworms – Destructive garden pests, causing fatal damage to nearly any type of 
vegetable, fruit or flower (Chinery 1986).   
 
Tortrix moths – Many moths of the genus Cydia are economically important due to the 
damage they inflict on fruit and nut crops, and include notable pests such as the coddling 
moth, pear moth, alfalfa moth and hickory shuckworm moth.  
 
Snout moths – Members of the genus Acrobasis feed on a wide variety of shoots, nuts 
and fruits including alders, birches, hickories, pecans and cranberries.  
 
Corn earworm and tobacco budworm moths – Rank among the top pests in the U.S. in 
damage caused to crops and amount of insecticides applied to crops to control them 
(Williams 2005). In Texas, corn earworms are present in an estimated 98% of cornfields. 
Each female corn earworm moth potentially lays over 1,000 eggs in her lifetime (Fitt 
1989), which then develop into larvae that infest corn, cotton or other crops. 
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Appendix A.2. Parameters for the custom filters created in AnalookW to distinguish: 1) 
bat echolocation calls from non-bat ultrasonic noises (wind, insects etc.), and 2) approach 
phase and feeding buzzes from search phase echolocation calls. All filter parameters were 
designed based on a call reference library from wild-captured bats and passive 
recordings. Fc = Characteristic frequency, Fmin = minimum frequency, Fmax = 
maximum frequency. Detailed descriptions of filter parameters are available through 
AnalookW (Corben 2013). 
 
 
 
  
Parameter All)Bats Feeding)Buzz
Smoothness 20 100
High/Start X X
All/Drop NA X
Body/over/(μs) 1000 1000
Fc/(kHz) 16D60 NA
Fmin/(kHz) 16D80 16D80
Fmax/(kHz) 18D300 18D300
Slope/S1/(OPS) NA 175D9999
Duration/(ms) 1D50 0D2
Sequence 2/calls/in/15/s 5/calls/in/15/sec
Filter
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VOLUNTEER RESEARCH & ANIMAL EXPERIENCE      
Research Assistant – Deschutes County Bat Census, Tom Rodhouse (Summer 2004)  
• Mist netting, Bat handling, Tissue sampling, Introduction to Anabat echolocation detectors 
Research Assistant, Purdue University, PhD Candidate James Kellam, (January – April 2002) 
• Data collection of banded Downy Woodpeckers via radio telemetry; Live trapping, handling 
and measurements of Downy Woodpeckers 
Foal Watch team, Purdue University Large Animal Veterinary Hospital, (Feb.-April, 2001- 2002) 
• On call overnight duty for sick foals; assisted Veterinary students 
Horse Handler, Therapy, Health and Education through Children and Horses As PartnerS,  
(2000-01) 
• Participant in therapeutic horse riding instruction for disabled children by guiding horse  
              
ADDITIONAL EDUCATION          
• Attended II International Congress of Zoology in Bolivia (Fall 2006) 
• Semester abroad – Ecology of the Rainforest, Monteverde, Costa Rica (Fall 2002): 
-  Intensive course work focusing on Ecology and Conservation of Tropical Ecosystems 
              
SPECIAL SKILLS and HOBBIES         
• Proficient in Microsoft Office, R computing language (statistical software), AnalookW and 
Sonobat (acoustic software) 
• Spanish proficiency of Advanced High: Peace Corps Bolivia 2005 – 2007 
• Basic skills in GIS/GPS 
• Illustration & design (Biological & Creative) 
• Hiking, backpacking, snowshoeing, cross-country skiing, snowboarding, kayaking/canoeing, 
horseback riding, volleyball, climbing trees, drawing/painting, creative/science writing, reading 
